The Evolutionary Diversity of Uracil DNA Glycosylase Superfamily by Li, Jing
Clemson University 
TigerPrints 
All Dissertations Dissertations 
December 2017 
The Evolutionary Diversity of Uracil DNA Glycosylase Superfamily 
Jing Li 
Clemson University, lijing521345@outlook.com 
Follow this and additional works at: https://tigerprints.clemson.edu/all_dissertations 
Recommended Citation 
Li, Jing, "The Evolutionary Diversity of Uracil DNA Glycosylase Superfamily" (2017). All Dissertations. 
2546. 
https://tigerprints.clemson.edu/all_dissertations/2546 
This Dissertation is brought to you for free and open access by the Dissertations at TigerPrints. It has been 
accepted for inclusion in All Dissertations by an authorized administrator of TigerPrints. For more information, 
please contact kokeefe@clemson.edu. 
THE EVOLUTIONARY DIVERSITY OF URACIL DNA GLYCOSYLASE 
SUPERFAMILY 
A Dissertation  
Presented to 
the Graduate School of 
Clemson University 
In Partial Fulfillment 
of the Requirements for the Degree 
Doctor of Philosophy 
Biochemistry and Molecular Biology 
by 
Jing Li 
December 2017 
Accepted by: 
Dr. Weiguo Cao, Committee Chair 
Dr. Alex Feltus 
Dr. Cheryl Ingram-Smith 
Dr. Jeremy Tzeng 
 ii
ABSTRACT 
 
Uracil DNA glycosylase (UDG) is a crucial member in the base excision (BER) 
pathway that is able to specially recognize and cleave the deaminated DNA bases, 
including uracil (U), hypoxanthine (inosine, I), xanthine (X) and oxanine (O). Currently, 
based on the sequence similarity of 3 functional motifs, the UDG superfamily is divided 
into 6 families. Each family has evolved distinct substrate specificity and properties. In 
this thesis, I broadened the UDG superfamily by characterization of three new groups of 
enzymes. In chapter 2, we identified a new subgroup of enzyme in family 3 SMUG1 
from Listeria Innocua. This newly found SMUG1-like enzyme has distinct catalytic 
residues and exhibits strong preference on single-stranded DNA substrates. In chapter 3, 
we extensively investigated an untraditional family 1 UNG enzyme from Nitratifractor 
salsuginis (Nsa UNG). This enzyme is able to form a unique salt bridge network with 
uracil-containing DNA. In addition, this untraditional family 1 UNG can’t be inhibited by 
uracil DNA glycosylase inhibitor (Ugi). In chapter 4, a potential evolutionary immediate 
between family 1 UNG and family 4 UDGa was isolated from Janthinobacterium 
agaricidamnosum (Jag UNG). In the functional motifs, Jag UNG has evolved family 1 
UNG unique features, but still keeps some features of family 4 UDGa. Through site-
directed mutagenesis, molecular modeling and biophysical analysis, we estimated that 
QD in family 1 UNG might be coevolved from EG in family 4 UDGa. In addition, we 
found another two important sites (A82E and L245H) that may have special meaning in 
the evolutionary history. All these work reveal the evolutionary diversity of UDG 
superfamily.  
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CHAPTER ONE 
DNA DAMAGE, REPAIR AND URACIL DNA GLYCOSYLASE 
I. Introduction
As the genetic information carrier, DNA is essential for each living cell. 
However, it is vulnerable to the attack from endogenous and exogenous reactive oxygen 
species (ROS), reactive nitrogen species (RNS) and alkylation agents. Especially, DNA 
bases are continually suffering oxidation, deamination,alkylation and depurination. All 
of these base damages are highly mutagenic if not repaired. In addition, single strand 
break (SSB) and double strand break (DSB) are more dangerous for the integrity of 
genetic information. To protect DNA from all kinds of damage, organisms have evolved 
diverse DNA repair systems. In the following paragraphs, different type of DNA base 
damage, SSB and DSB will be discussed. The respective DNA repair strategies including 
base excision repair (BER), nucleotide excision repair (NER), mis-matched repair 
(MMR), photoreactivation, single strand break repair (SSBR) and double strand break 
repair (DSBR) will be elaborated. Especially, the crucial enzymes in each pathway will 
be described in detail.  
II. DNA damage
DNA bases and DNA strands are suffering different kinds of damages due to the 
attacks from environmental and endogenous reagents. Here, I discussed DNA base 
lesions, single strand break (SSB) and double strand break as below (DSB). 
A. DNA base legions
1. DNA base oxidation
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DNA base oxidation is mainly caused by the reactive oxygen species (ROS) that 
are spontaneously produced in cellular metabolisms or induced by exogenous stress such 
as UV radiation, ironizing radiation and heat exposure [1]. To date, more than 20 kinds of 
oxidative DNA base lesions have been identified (Fig.1.1) [2], however, only a few of 
them are well studied. For instance, 8-hydroxyguanine (8-OH-Gua) is extensively 
investigated as larger percentage occurs in vivo and it is easy to detect [3, 4]. Once 8-OH-
Gua lesion is introduced into DNA, it might lead to mis-reading by DNA polymerase [5]. 
Moreover, 8-OH-Gua/C base pair will cause a G/C to T/A mutation and misincorporation 
of 8-OH-Gua opposite of T will produce an A to C mutation [6]. Numerous studies 
showed that the elevated level of 8-OH-Gua is associated with many types of cancers and 
diseases including acute lymphoblastic leukemia, breast cancer, cervical cancer, 
colorectal cancer, gastric cancer, renal cell carcinoma, lung cancer and so on [7]. The 
increased level of other oxidative lesions including, 5-hydroxycytosine, 5-hydroxyuracil, 
5-hydroxymethyluracil, 5-hydroxy-5-methyl-hydantoin, 5-hydroxy-hydantoin, thymine 
glycol, 8-hydroxyadenine, and 2-hydroxyadenine are also related to human diseases [8-
10].  
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Figure 1. 1 Chemical structures of major oxidative DNA base lesions. The picture 
was adopted from [7] with permission.  
2. DNA Alkylation 
DNA alkylation lesions are inevitable as the result of the ubiquitous alkylating 
agents. S-Adenosylmethionine, a natural methyl-donor in vivo, is an endogenous 
alkylating agent. It is able to transfer its methyl group to guanine and produce 7-meG, 3-
meG and O6-meG [11, 12]. Meanwhile, large amount of alkylating agents are present in 
environment, including chloromethane, bromomethane and lodomethane [13]. Besides, 
the nitroso compounds in tobacco smoke, such as 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK), 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL), and N’-
nitrosonornicotine (NNN) are potential DNA alkylating agents. They are able to increase 
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the level of 7-meG, O8-meG, O4-meT and the larger pyridyloxobutyl G adducts (Fig. 
1.2) [14]. All of the alkylation lesions in DNA are mutagenic, genotoxic and cytotoxic. 
Given such deadly effects, several alkylation agents (such as temozolomide and 
carmustin, lomusine and fotemustine) have been used in therapy as anti-cancers drugs.  
 
Figure 1. 2 Overview of the formation of DNA adducts from tobacco-specific NNK, 
NNAL and NNN.  NNK, NNAL and NNN are going through α-methylene hydroxylation 
or 2 α-hydroxylation and finally give rise to 7-meG, O8-meG, O4-meT and the larger 
pyridyloxobutyl G adducts. The picture was reused from [14] with permission. 
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3. DNA Depurination 
DNA depurination refers to the hydrolysis of N-glycosidic bond of dG and dA in 
DNA. The resulting apyrimidinic (AP) sites are very harmful for the integrity of genomic 
DNA. The frequency of DNA depurination is very high in mammalian cells, around 
2000-10000 purine bases are lost in each human cell every day [15]. Besides the 
spontaneous depurination, AP sites are naturally produced in the BER pathway as the 
cleavage of damaged or mismatched bases by DNA glycosylase [16]. AP sites are very 
cytotoxic and mutagenic. Firstly, by stalling DNA and RNA polymerase during DNA 
replication and transcription, AP site may lead to cell death [17]. Secondly, even though 
DNA polymerase is not blocked by AP site during DNA replication, the AP-site 
containing DNA strand can’t be used as a correct template for replication. A random base 
will be inserted opposite of an AP site, therefore a base substitution might be induced in 
the offspring DNA strands [18]. Thirdly, cleavage of AP site by AP endonuclease is a 
possible source of single-stranded break (SSB) that is not suitable for DNA replication 
and even possibly form more severe double-stranded break (DSB) [19].  
4. DNA base damage by UV radiation 
Ultraviolet (UV) is a natural part of solar energy. Therefore, DNA bases are 
inevitably attacked by the UV radiation. Especially, UV-b (280 nm-315 nm) is the main 
cause of thymine dimers, thymine-cytidine dimers and cytidine-cytidine dimers. All those 
pyrimidine dimers including cyclobutane pyrimidine dimers (CPDs), pyrimidine 6-4 
pyrimidone photoproducts, and their Dewar isomers are highly mutagenic and cytotoxic 
[20]. Base dimers largely alter the DNA conformation and significantly affect the 
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stability and functions of DNA [21-23]. Base dimers can be directly spited by photolyase 
in photoreactivation pathway or excised in the nucleotide excision repair (NER) pathway 
that will be discussed later.  
B. Single strand break (SSB) 
The discontinuity of one of the double DNA strands is termed as single strand 
break (SSB). As one of the most frequent DNA damages, up to 10, 000 SSBs were 
detected in each cell every day [24]. Both endogenous and exogenous ROS trigger SSBs 
by attacking the sugar phosphate backbone of DNA. In the BER pathway, the cleavage of 
AP sites by AP endonuclease may give rise to SSBs if the following DNA polymerase 
doesn’t work efficiently [25, 26]. DNA topoisomerase 1 create a nick in one of the DNA 
strands to relax supercoils that is also a potential source of SSB [27]. Unrepaired SSBs 
could threaten the life of cells by blocking the DNA replication and transcription [28-31]. 
Evidences showed that two genetic diseases, ataxia-oculomotor apraxia 1 and 
spinocerebellar ataxia with axonal neuropathy 1, are associated with SSBs repair 
deficiency [32].  
C. Double strand break (DSB) 
Double strand break (DSB) is one common type of DNA damage under 
spontaneous or radiation-induced oxidative stress [33]. There are an estimated 10 DSBs 
in each cell every day [34]. The intermediates of V (D) J recombination, class-switch 
recombination, and meiotic recombination are naturally potential sources of DSBs [35].  
Dysfunction of some enzymes, such as DNA topoisomerases 2(TOP2), activation-
induced deaminase (AID) and the recombinase-activating gene (RAG) endonuclease are 
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contributing to the increase of DSBs [36, 37]. Also, as mentioned before, unrepaired 
SSBs are offering DSBs after DNA replication [28]. The consequences of DSBs, 
including mutations, deletions, translocations and reversions are very deadly to the cells 
[38]. Disruption or deficiency of DSB repair is related to a variety of human genetic 
diseases and cancers, including nijmegen breakage syndrome, seckel syndrome, ataxia 
telangiectagia like disorder, radiosensitive severe combined immunodeficiency, breast 
and ovarian cancer [39]. 
III. DNA repair 
In order to counter various DNA damage and protect the genetic information 
carrier, organisms have evolved diverse DNA repair mechanisms.  In the following 
paragraphs, different DNA repair pathways, including base excision repair (BER), 
photoreactivation, nucleotide excision repair (NER), mis-matched repair (MMR), single 
strand break repair (SSBR) and double strand break repair (DSBR) will be introduced.  
A. Base Excision Repair (BER) 
Base excision repair (BER) pathway is highly conserved in both prokaryotes and 
eukaryotes. Through the BER pathway, oxidative, alkylated and deaminated DNA lesions 
will be removed. In the BER pathway, DNA glycosylase is the initial enzyme that detects 
the damaged bases and removes them by cleaving the N-glycosidic bond. The resulting 
AP site will be eliminated by AP endonuclease. Then, DNA polymerase and ligase will 
seal the nick left in the DNA strand [40]. As a crucial enzyme in BER pathway, DNA 
glycosylase draws lots of attention from scientists. So far, different kinds of DNA 
glycosylase have been identified, each of which has distinct functions.  
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1. 8-Oxoguanine glycosylase (OGG1) 
8-Oxoguanine glycosylase was firstly identified from yeast and mammal with 
removal activity of 8-oxoG from 8-oxoG. C base pair [41, 42]. Later, a new activity 
toward another oxidative base 2, 6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG) 
was discovered [43, 44]. Deletion of OGG1 from mice give rise to 8-oxoG level and 
susceptibility to obesity and metabolic dysfunction [45, 46]. Human OGG1 mutations are 
proved to be associated with non-small cell lung cancer and childhood acute 
lymphoblastic leukemia [47, 48].  
2. MutY DNA glycosylase  
MutY is another well characterized bacterial glycosylase contributing to defense 
8-oxoG. Instead of cleaving 8-oxoG itself, MutY identifies and excises adenine from 
A.8-oxoG, a mis-pair due to the miscorportion of 8-oxoG [49]. Besides, MutY is able to 
remove A from other mismatched base pairs such as A.G [50]. The homolog of MutY in 
mammal, MUTYH, cleaves A opposite 8-oxoG, G, or C [49]. MUTYH gene mutations 
are associated with a hereditary colorectal cancer syndrome termed MUTYH associated 
polyposis [51].  
3. 3-Methyladenine DNA glycosylase (AlkA)  
Alkyladenine-DNA glycosylase (AlkA) are representative of E. coli 3-
methyladenine-DNA glycosylase (AlkA), yeast 3-methyladenine-DNA glycosylase 
(MAG) and human 3-methyladenine DNA glycosylase (AAG). They are bifunctional to 
variety of alkylated lesions, including 3-methyladenine, 7-methylguanine, 3-
methylguanine, O2-methylthymine, O2-methylcytosine, some oxidative lesions, 8-
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oxoguanine, 5-hydroxymethyl uracil, 5-formyluracil and the deaminated lesion 
hypoxanthine [52-55]. In E.coli cells, AlkA is up-regulated by exogenous alkylated 
agents. In absence of AlkA, 7-methylguauosine level, mutation rate and SOS response 
are elevated in E.coli [56]. MAG deficient Saccharomyces cerevisiae cells increased 
susceptibility to methylation-induced recombination [57]. 
4. AP endonuclease  
AP endonuclease is an indispensable enzyme in BER pathway that not only 
cleaves AP sites and some oxidative DNA lesions but also shows 3’phosphodiesterase 
activity and 3’ to 5’ exonuclease activity [58]. Currently, two families of AP 
endonuclease in bacteria are identified: endonuclease IV (Endo IV) and exonuclease III 
(Exo III). Endo IV are present only in some evolutionarily lower organisms including 
E.coli, S. cerevisiae, Schizosaccharomyces pombe, Caenorhabditis elegans, Danio rerio 
and Xenopus tropicalis [59-61]. However, Exo III exists in both lower organisms and 
higher organisms, including plants and mammals. Catalytically, Endo IV enzymes relied 
on three Zn2+ ions and a hydroxide to cleave the phosphodiester bond, whereas Exo III 
members require Mg2+ [62]. Physiologically, Endo IV from both S. cerevisiae and C. 
elegans play an important role in DNA repair and maintaining the genome stability [60, 
63]. The Exo III homolog in human, APE1 has complex functions in vivo. It is not only 
working as a DNA repair enzyme in BER pathway but also acting as a coactivator of 
various transcription factors in redox signaling. Given such important and complicated 
functions, APE1 mutations are associated with many diseases and cancers [64].  
5. Nth (Endonuclease iii) and Nei (Endonuclease VIII) 
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Nth (Endonuclease iii) and Nei (Endonuclease VIII) are two DNA glycosylase 
with AP-lyase activity in bacteria and mammalians. Both of them are able to identify and 
remove diverse of oxidative DNA lesions, including thymine glycol, 8-oxoG, 
formamidopyrimidine, 5-hydroxycytosine, uracil glycol and 5-hydroxyuracil. Even 
though they have similar activities in vitro, a genetic assay showed that the spontaneous 
mutations are mainly repaired by Nth [65]. In Mycobacterium smegmatis, both Nth and 
Nei are responsible for the decrease of spontaneous mutation frequency [66]. In human, 
the homologs of Nth and Nei, NTHL1, NEIL1 and NEIL2 also work as essential DNA 
repair enzymes to defense the oxidative damages [67, 68]. Their variations are considered 
as a possible cause of the susceptibility of colorectal cancer [69, 70].  
B. Photoreactivation 
UV-induced DNA base dimers could be directly split by visible light dependent 
photoreactivation pathway. In this pathway, the photolyase consists two essential 
cofactors: light harvesting cofactor and catalytic cofactor. Light harvesting cofactor is 
able to absorb the visible light and transfer the energy to catalytic cofactor that split the 
dimers by transferring the light energy to them [71]. To date, few light harvesting 
cofactors have been identified, including 5, 10-methenyltetrahydrofolate, 8-hydroxy-5-
deaza-riboflavin, and flavin mononucleotide (FMN) [72-74]. Deprotonated reduced 
flavin adenine dinucleotide (FADH−) is the universal catalytic cofactor in all photolyase 
[75]. 
C. Nucleotide excision repair (NER) 
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Nucleotide excision repair (NER) pathway mainly participates in the repair of 
UV-induced DNA damages and this pathway is universal in prokaryotes and eukaryotes. 
In prokaryotes, depending whether RNA polymerase stalled in the DNA damaged lesion, 
NER pathway is divided into global genomic NER (GG-NER) and transcription coupled 
NER (TC-NER). In the GG-NER pathway, RNA polymerase is not stalled in the DNA 
lesion. First of all, the complex of UvrA and UvrB detects the damaged lesion and 
confirms the lesion by separating the two DNA strands. Then, UvrA is released and the 
nuclease UvrC is recruited by UvrB. Next, UvrB cleaves the phosphodiester bonds 8 
nucleotides upstream of the damaged site and UvrC excises 4-5 nucleotides downstream 
of the damaged site. The helicase UvrD releases the 12-13 DNA lesion-containing 
oligonucleotides. Finally, the resulting DNA gap is filled and sealed by DNA polymerase 
and ligase.  
If RNA polymerase is stalled in the DNA lesion, the transcriptional-repair 
coupling factor (TRCF) needs to remove the RNA polymerase and recruit UvrAB 
complex to initiate the following NER pathway, that is termed as transcription coupled 
NER (TC-NER) [76]. The main steps of eukaryotic NER are similar but more 
complicated than prokaryotes. More factors are necessary to process the NER pathway in 
eukaryotes. XPC/HR23B complex or DDBs are responsible for the DNA damage 
detection; CSB, CSA and XAB2 specifically participate in TC-NER pathway; the 
helicase TFIIH separates the DNA duplex. RPA is single stranded binding protein that is 
charged to open DNA duplex formation and stabilize the unwinded single stranded DNA; 
XPG and XPF/ERCC1 are endonucleases for the cleavage of phosphodiester bonds; 
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POLδ, POLε, POLκ and LIG1 are used to fill the gap [77]. Alternations in the key 
component of NER in human may cause severe UV-sensitive diseases such as xeroderma 
pigmentosum, cockayne syndrome, trichothiodystrophy and combined NER disorders. 
[77]. 
D. Mis-matched repair (MMR) 
Mis-matched repair (MMR) is used to correct the mismatched and 
deletion/insertion base pairs introduced by DNA replication. Therefore, MMR is usually 
coupled with DNA replication. MMR is highly conserved in prokaryotes and eukaryotes. 
In E.coli, MutS identifies the mis-pairs and recruits MutL. The complex of MutS/MutL 
activates MutH endonuclease to create a nick in the unmethylated strand as in Fig. 1.3. 
Then the helicase Uvr D unwinds the double strand DNA and an exonuclease degrades 
the newly synthesized strand, leaving a gapped DNA strand. Later, DNA polymerase and 
ligase complete the rest of MMR. In eukaryotes, different enzymes are involved in MMR 
pathway. Firstly, MSH2-MSH6 recognize the mismatches. Secondly, the newly 
synthesized error-containing DNA strand is degraded by MSH2-MSH6, MLH1-PMS2 
and EXOI. Thirdly, DNA polymerase resynthesizes the offspring DNA strand and DNA 
ligase completes the final step of MMR. In both prokaryotic and eukaryotic MMR, the 
single-strand binding protein (SSBP) and single-stranded DNA binding heterotrimer are 
essential in protecting the other single strand as the DNA replication template [78, 79]. 
Researchers found that mutations of the key enzymes (such as MLH1 and MSH2) in 
human MMR pathway, are associated with hereditary nonpolyposis colorectal cancer 
[80].  
13 
 
 
Figure 1. 3 DNA Mismatch Repair in Prokaryote and Eukaryote Systems. A. MMR 
in prokaryotes; B, MMR in Eukaryotes. The picture was reproduced from [79]with 
permission.  
E. Single strand break repair (SSBR) 
Based on the endogenous sources of single strand break (SSB), there are three 
sub-pathways of single strand break repair (SSBR) (Fig. 1.4). (1) In the BER pathway, 
when a SSB is created by AP endonuclease, a number of enzymes, including APE1, 
DNA polymerase (Pol) β, polynucleotide kinase 3'-phosphatase (PNKP) and aprataxin, 
are involved in DNA end processing. They work together to restore the 3'-hydroxyl (3'-
OH) and 5'-phosphate groups for the following gap filling and DNA ligation that will be 
done by DNA polymerase and ligase. (2) For the sugar damaged (direct) SSBs, an 
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activated poly (ADP-ribose) polymerase 1 (PARP1) firstly identified the damage and 
then recovered to the pre-activated state by Poly (ADP-ribose) glycohydrolase (PARG). 
Later, APE1, PNKP and APTX participate the end processing followed by complicated 
gap filling. Finally, DNA ligase will finish the DNA repair. (3) Top1-linked SSB doesn’t 
need PARP1 to be detected, tyrosyl-DNA phosphodiesterase 1 (TDP1) and PNKP 
directly process DNA ends. Next, they undergo a similar gap filling and ligation process 
to complete the DNA repair [32].  
SSBR are very complicated but well organized and regulated. XRCC1 is reported 
to have an important role in stabilizing and stimulating other factors [81]. Evidences 
indicated that defect of some key components in SSBR is linked to some human diseases. 
For instance, alterations in APTX result in ataxia-oculomotor apraxia 1 and TDP1 
mutations may cause spinocerebellar ataxia with axonal neuropathy 1. Both of those two 
diseases are genetic and characterized with chromosomal instability and cancer 
predisposition [82, 83].  
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Figure 1. 4 Three sub-pathways of single strand break repair.  A. indirect SSB; B. 
direct SSB; C TOP1-SSB. This picture was reused from [32] with permission.  
F. Double strand break repair (DSBR) 
Three mechanisms have evolved to protect DNA from the extremely genotoxic 
double strand breaks (DSBs): homologous recombination (HR) and nonhomologous 
DNA end joining (NHEJ) and single-strand annealing (SSA) (Fig. 1.5) [84]. All three 
DSBRs are conserved in prokaryotes and eukaryotes. However, they contribute 
differently in different organisms. It is established that HR has a major repair role in 
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prokaryotes and lower eukaryotes while NHEJ contributed more in higher eukaryotes 
[85].   
 
 
Figure 1. 5 Schemes for double DNA break repair.  A. Homologous recombination 
(HR); B. Single-strand annealing (SSA); C. Nonhomologous DNA end joining (NHEJ). 
The picture was reused from [84] with permission.  
1. Homologous recombination (HR) 
Homologous recombination (HR) needs an intact homologous duplex as a 
template. Mechanically, HR is usually initiated by the enzymatic-induced degrading of 5’ 
ends of both strands at DSB site, leaving two 3’ single stranded DNA tails. Then one of 
the 3’ ssDNA tails invades the intact homologous duplex and generates a D-loop 
structure, the other one anneals with the displaced strand at the joint. Using the 3’ends as 
a primer and the intact homologous DNA as a template, the lacking DNA fragment is 
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sealed by DNA replication. The resulting holliday junctions were cut by a resolvase that 
created a crossover or non-crossover error-free DNA repair product [84]. Deficiency of 
HR may result in Fanconi anemia and several types of cancers in human [86].   
2. Single-strand annealing (SSA) 
Single-strand annealing (SSA) doesn’t need an intact homologous duplex as a 
template. In the processing of HR, if there are two repeated sequences existing in the 3’ 
ssDNA tail, those two identical sequences will anneal and form a double stranded DNA 
fragment. Later, nonannealled ssDNA tails will be degraded away and the resulting DNA 
gap will be fixed through DNA replication and ligation [84]. Since one of two repeats and 
the sequence between the repeats are deleted, SSA is considered as an error-prone DSBR 
pathway [87].  
3. Nonhomologous DNA end joining (NHEJ) 
Without homologous DNA as template, nonhomologous DNA end joining 
(NHEJ) use some short ssDNA as microhomologies to guide DNA synthesis.  Depending 
on how perfectly the microhomologies match with the damaged DNA, the repair 
accuracy will be different. Most of the time, NHEJ repairs the DSBs correctly. However, 
the noncompatability of microhomologies often lead to deletions, duplications, nucleotide 
substitutions and translocations. Therefore, NHEJ is also an error-prone DSBR pathway 
[88]. Defective NHEJ is associated with several human diseases including radiosensitive 
severe combined immunodeficiency and LIG4 syndrome [89].  
G. SOS response 
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As a global response to DNA damage, SOS is triggered by the DNA polymerase 
stalling in the replication fork. Once large amount of ssDNA or DSBs are present in cells, 
the single stranded binding protein RecA will assemble into filaments and promote the 
self-degrading of LexA that normally binds to the promoter of SOS genes as a repressor. 
SOS system contains lots of DNA repair related genes including uvrABC, recA, and 
translesion DNA polymerases (dinA, dinB and umuDC). The uvrABC genes in the NER 
pathway are the first activated to defend the damages [90]. If NER pathway is not enough 
to fix the lesions, a full-fledge SOS will be induced by activating more SOS DNA repair 
genes. The error tolerant translesion DNA polymerases are able to push the replication 
machine forward, however, some mutagenesis might be introduced into the genome [91]. 
The bacteria antibiotic resistance is the result of translesion DNA polymerase-induced 
mutations [92].  
IV. DNA deamination and uracil DNA glycosylase superfamily 
A. Deamination of DNA bases 
DNA base deamination is usually introduced by reactive nitrogen species and 
deaminase. Reactive nitrogen species (RNS), such as nitric oxide, nitrate (NO3-), nitrite 
(NO2-) and peroxynitrite (ONOO-), are natural metabolic products in vivo [93]. The 
regular DNA bases, including adenine (A), guanine (G) and cytosine (C), are continually 
attacked by RNS and subjected to switch to hypoxanthine (H) (inosine (I)), xanthine (X) 
or oxanine (O) and uracil (U) (Fig. 1.6). Besides RNS, the widely distributed biological 
deaminases also contribute to DNA deamination. For instance, activation-induced 
cytidine deaminase (AID) turns cytosine (C) to uracil (U); Adenosine deaminase (ADA) 
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converts adenosine to hypoxanthine and guanine deaminase (GDA) converts guanine (G) 
to xanthine (X).  The resulting deaminated DNA bases are potential sources of DNA 
transition mutations. Uracil could be mis-incorporated into A.U base pairs during DNA 
replication as DNA polymerase is not good at distinguishing dU and dT. The resulting 
A.U base pair may lead to an A.T to G.C mutation in the next DNA replication. Also, due 
to the deamination of cytosine in DNA strands, a G.U base pair will be generated that 
might result in a G.C to A.T mutation. Similar transition mutations may be caused by the 
other three deaminated DNA bases.  
 
Figure 1. 6 Chemical structure of 4 deaminated DNA bases. U, uracil; I, 
hypoxanthine; X, xanthine; O, oxanine.  
B. Uracil DNA glycosylases  
To repair the deaminated DNA bases, uracil DNA glycosylase (UDG) in the base 
excision repair (BER) pathway plays a very crucial role. UDG is the initial enzyme in the 
BER pathway and is able to recognize the deaminated bases and excise them by cleaving 
the N-glycosidic bond. Next, Apurinic/apyrimidinic (AP) endonuclease will clear the 
leaving AP site. Finally, DNA polymerase and ligase will fill the gap. So far, based on 
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the sequence similarity of 3 functional motifs, 6 families have been identified in the UDG 
superfamily (Fig. 1.7). Each family presents distinct functions.  
 
Figure 1. 7 Sequence alignment of the functional motifs from UDG superfamily. 
Family 1 (UDG): Eco, E. coli, NP_289138. Family 2 (MUG/TDG): Eco, E. coli, 
P0A9H1. Family 3 (SMUG1): Gme, G. metallireducens GS-15, YP_383069. Family 4 
(UDGa): Tth, T. thermophilus HB27, YP_004341.1. Family 5 (UDGb): Tth, T. 
thermophilus HB8, YP_144415.1. Family 6 (HDG): Mba, Methanosarcina barkeri str. 
Fusaro, YP_304295.1. 
1. Family 1 UNG 
Family 1 UDG, termed as uracil N-glycosylase (UNG), is the first identified 
enzyme in the UDG superfamily [94]. UNG is ubiquitous in prokaryotes and eukaryotes. 
As unique structural characteristics, UNG shows extremely robust and exclusive UDG 
activity to both single-stranded and double-stranded uracil-containing DNA [95]. The 
UDG activity of UNG can be inhibited by uracil DNA glycosylase inhibitors (Ugi) from 
Bacillus subtilis bacteriophages PBS1/PBS2 in 1:1 molar stoichiometry [96]. Recently, 
two new inhibitors, P56 and SSP0047 were identified from Bacillus phages φ 29 and 
Staphylococcus aureus, respectively [97-100].    
Actually, UNG not only participates in BER pathway, evidences showed UNGs 
are also involved in other mechanisms. In immunity, initiated by AID-induced uracil in 
DNA, class switch recombination (CSR) and somatic hypermutation (SHM) are two 
major mechanisms for the diversity of antibody. As the uracil cleavage activity, UNG is 
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proposed to have a regulatory role to those two mechanisms. Interestingly, in UNG 
deficient mice, CSR is suppressed while SHM is increased [101].   
In vaccinia virus, UNG is a necessary component of the DNA replication machine 
and its replication processing role is independent from its UDG activity [102-104]. UNGs 
are also reported to be involved in DNA replication in Epstein-Barr virus and HIV-1 
[105, 106]. A few newly reports about UNG might imply some other potential roles in 
vivo. For example, under treatment of pemetrexed, the increasing DNA double strand 
breaks (DSBs) in UNG deficient lung cancer cells implicated the repair roles of UNG to 
DSBs [107]. In zebrafish, knockdown of UNG increased DNA methylation level and 
embryonic lethality indicated UNG is indispensable for the development of zebrafish 
embryo [108]. 
2. Family 2 TDG/MUG 
Family 2 UDGs are represented by E. coli mismatch-specific uracil DNA 
glycosylase (E. coli MUG) and human thymine DNA glycosylase (hTDG) that’s why 
they are termed as TDG/MUG Family. Family 2 enzymes are present in bacteria, yeast, 
vertebrates and human. Lacking the catalytic Asp in motif 1 and His in motif 2 as in 
UNG, family 2 enzymes are not as robust as Family 1 UNG [108]. However, Family 2 
enzymes are well known for the broad substrates. As far as we know, E. coli MUG is not 
only working as a UDG on mismatched T/U, G/U and C/U base pairs but also as XDG on 
all xanthine-containing DNA substrates [109]. Human TDG was initially found to cleave 
T from G. T mismatched base pair [110]. Later, it was reported to act toward G.U, A.U 
and G.I mismatched base pairs [111, 112]. Recently, the excision activity of 5-
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formylcytosine and 5-caboxylcytosine (5-caC) revealed more physiological roles of 
hTDG in DNA demethylation pathway. Another Family 2 member S. pombe (Spo) TDG 
is able to work on all deaminated DNA bases in the order of xanthine, inosine, uracil and 
oxantine [112]. As matter of fact, besides deaminated DNA bases, E. coli MUG and 
hTDG were reported to work on oxidation DNA bases (such as 7,8-Dihydro-8-
oxoadenine (8oxoA) and ɛ-adducts (such as 3,N(4)-ethenocytosine and 1,N(2)-
ethenoguanine) [113-115]. Such broader activities in vitro indicated the crucial DNA 
repair roles of Family 2 MUG/TDGss in vivo. Besides, mammal TDGs are involved in 
the development of embryo. TDG deficient mice suffered severe embryonic lethality 
although the mutation rate of TDG (-/-) mice didn’t increased significantly [116]. 
3. Family 3 SMUG1 
Family 3 enzymes were named as single-stranded selective monofunctional UDG 
(SMUG1) and they are present in vertebrates, insects and some eubacteria. SMUG1 
enzymes were firstly isolated from Xenopus laevis and human by genome-wide 
screening. Later, a genome database searching identified SMUG1 orthologs in a few 
eubacteria lacking Family 1 UNG [117]. In comparison to the robust Family 1 UNG, 
SMUG1 enzymes have much lower efficiency toward uracil due to higher product 
binding affinity, but they are capable of excising broader substrates, including xanthine, 
5-formyluracil, 5-hydroxyuracil, 5-hydroxymethyluracil and 3, N4-ethenocytosine [118-
120]. Depending on reaction conditions, SMUG1 presented different substrate 
preference. Notably, in the presence of Mg2+, SMUG1 switched into double-stranded-
selective UDG [121, 122]. Revealed by depleting Smug1 and Smug1/Ung from mice, 
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SMUG1 was reported to be the principal hmU glycosylase in mice and the major backup 
for UNG to excise uracil. Later on, we also reported bacterial SMUG1 is the major DNA 
repair enzyme for deaminated pyrimidine DNA due to the lack of UNGs in the genome 
of SMUG1-containing species [117].  
Recently, phylogenetic analysis of UDG superfamily indicated a new group of 
UDG proteins, present in several eubacteria including Listeria genus, few species of 
Lactobacillus genus, Streptomyces sp., Amycolatopsis sp. and Flavobacteriaceae 
bacterium [123]. Since the newly found protein group shares the same ancestral gene 
with family 1 and family 3 UDGs and more similar to canonical family 3 UDGs than 
other UDG families, it was considered as a new clade of family 3 and noted by SMUG1-
like. In this thesis, the enzyme properties of a preventive of SMUG1-like enzyme, 
Listeria inococa SMUG1-like, will be discussed in chapter 2.  
4. Family 4 UDGa 
Like Family 1 UNG, Family 4 UDGa only works on uracil-contain DNA 
regardless double-stranded or single-stranded. The first Family 4 UDG enzyme was 
identified from the extreme thermophile Thermotoga maritima in which a uracil-
removing activity was present, however, no family 1 homolog was found in the genome 
[124]. Later, more Family 4 members are isolated from some thermophilic archaea and 
bacteria, such as Archaeoglobus fulgidus, Pyrobaculum aerophilum and Thermus 
thermophilus [125-127]. All those thermophilic organisms are at very high risk of 
cytosine deamination due to the higher growing temperature [128]. Family 4 UDGa 
showed a different degree of thermostability: T. martitima UDG is even active after pre-
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incubation at 75 ℃ and A. fulgidus UDG still cleaves uracil at 50 ℃ [124, 129]. 
Structurally, Family 4 UDGa contains a [4Fe-4S] cluster which is not crucial for the 
UDG activity but is expected to be important to stabilize the protein conformation. The 
exact functions of [4Fe-4S] cluster are still not sure. By the comparison of substrate 
recognition of family 4 T. thermophilus UDG and other UDG families, the catalytic 
mechanisms of family 4 UDG are very similar to family 1 UNG as shown in Fig. 1.8 
[127]. Both of them contain a Phe, His, Asn and Gln interacting with uracil in a similar 
way. Meanwhile, Glu 47 plays an analogical function with Try 147, both of them block 
the substrate recognition pocket that explained why family 4 UDGa only works on uracil 
as family 1 UNG. Recently, site-directed mutations, mutual information and molecular 
dynamics analysis studies indicated that the highly conserved residues E and G in the 
motif 1 of family 4 UDGa are correlated [130]. 
 
Figure 1. 8 Active sites of Family 1 UNG and Family 4 UDGa. The active site of 
Family 1 UNG with uracil from human;   B. The active site of Family 4 UDGa with 
uracil from Thermus thermophilus. Picture is reused from [127] with permission. 
 
A B 
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5. Family 5 UDGb 
Family 5 UDGb enzymes are also mainly found in thermophilic organisms. 
However, unlike the uracil-specific Family 4 UDGa, Family 5 UDGb enzymes are 
versatile. For instance, P. aerophilum UDGb cleaves uracil, hydroxymethyluracil, 
fluorouracil and hypoxanthine from DNA; Mycobacterium tuberculosis UDGb cleaves 
uracil, ethenocytosine and hypoxanthine from DNA; T. thermophilus UDGb cleaves 
uracil, hypoxanthine and xanthine from DNA [131-133].  Such broader substrate 
specificity implicit the essential DNA repair functions of UDGb in vivo. UDGb deficient 
Mycobacterium smegmatis shows higher spontaneous mutation rate resulting from the 
deamination of cytosine and adenine [134]. Disruption of UDGb from Thermus 
thermophilus result in 3-folds increase of mutation rate [135]. Recently, a genetic assay 
revealed that UDGb is able to remove the misincorporated uracil from A.U base pairs in 
vivo [132]. Structurally, lacking Asp/Asn as the catalytic residue in motif 1, Asn120 in 
Tth UDGb at motif 3 was identified as a residue that activate a water molecular and 
cleave the N-glycosidic bond [132].  
6. Family 6 HDG [136] 
All of the above discussed UDG families have UDG activity, however, the newly 
found family 6 UDG, widely exist in archaea, eubacteria and eukaryotes, doesn’t work as 
UDG but a hypoxanthine DNA glycosylase (HDG). The first family 6 HDG was isolated 
from M. barkeri that mainly works on double-stranded hypoxanthine-containing DNA 
substrates in the order of G/I > T/I > A/I > C/I. Meanwhile, a lac-Z based genetic assay 
confirmed that the HDG activity of M. barkeri HDG in vivo. Structurally, family 6 UDG 
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contains a distinct motif 1 and motif 2. Notably, family 6 UDGs have no Asp/Asn in 
motif 1 or His in motif 2 as other families. Mutagenesis and molecular modelling work 
proposed the highly conserved Asn 39 in M. barkeri HDG as the catalytic residue 
although this might need further confirmation.  
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CHAPTER TWO 
IDENTIFICATION OF A PROTOTYPICAL SINGLE-STRANDED URACIL DNA 
GLYCOSYLASE FROM LISTERIA INNOCUA 
I. Abstract 
A recent phylogenetic study of UDG superfamily estimated a new clade of family 
3 enzymes (SMUG1-like), which shares a lower homology with canonic SMUG1 
enzymes. The enzymatic properties of the newly found putative uracil DNA glycosylase 
are unknown. To test the potential UDG activity and evaluate phylogenetic classification, 
we isolated one SMUG1-like glycosylase representative from Listeria innocua (Lin). A 
biochemical screening of DNA glycosylase activity in vitro indicates that Lin SMUG1-
like glycosylase is a single-strand-selective uracil DNA glycosylase. The UDG activity 
on DNA bubble structures provides clue to its physiological significance in vivo. 
Mutagenesis and molecular modeling analysis reveal that Lin SMUG1-like glycosylase 
has similar functional motifs with SMUG1 enzymes; however, it contains a distinct 
catalytic doublet S67-S68 in motif 1 that is not found in any families in the UDG 
superfamily. Experimental investigation shows that the S67M-S68N double mutant is 
catalytically more active than either S67M or S68N single mutant. Coupled with mutual 
information analysis, the results indicate a high degree of correlation in the evolution of 
SMUG1-like enzymes. This study underscores the functional and catalytic diversity in 
the evolution of enzymes in UDG superfamily.  
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II. Introduction 
As a non-canonical base of DNA, uracil can occur in DNA by misincorporation of 
dUTP during DNA replication [1, 2] or spontaneous or enzymatic deamination of 
cytosine [3-5]. Uracil DNA glycosylase (UDG) is the principal enzyme to remove uracil 
in DNA by hydrolyzing the N-glycosidic bond and initiating base excision repair (BER) 
pathway [6, 7]. Based on the sequence homology and structural fold, six families were 
identified. Family 1 UDGs, also known as UNGs, are ubiquitous in bacteria and most 
eukaryotes. The enzymes exclusively cleave uracil in both double-stranded (ds) and 
single-stranded (ss) DNA at a very efficient rate [2, 8]. Family 2 UDGs are represented 
by human thymine DNA glycosylase (hTDG) [9] and E. coli mismatch-specific uracil 
DNA glycosylase (E. coli MUG) [10]. They are identified as repair enzymes acting on 
uracil base in a mispair, xanthine-containing DNA and other modified bases [10-15]. The 
discovery of human TDG as a 5-formylcytosine (fC) and 5-carboxylcytosine (5-caC) 
DNA glycosylase places it as an essential enzyme in DNA demethylation [16, 17]. 
Family 3 enzymes are named as single-strand-selective monofunctional UDG (SMUG1) 
and are present in vertebrate, insects and some eubacteria [18, 19]. Family 4 UDGs are a 
group of prokaryotic thermostable enzymes which excise uracil from DNA strand(s) [20]. 
Family 5 enzymes are also thermostable and present in archaea and eubacteria, with 
versatile substrate specificities [21]. Family 6 enzymes (HDG) recognize and excise 
hypoxanthine in DNA strand(s), exclusively [22].  
Firstly isolated from Xenopus laevis and human, SMUG1 enzymes show few 
sequence homologies to other UDG families, but have similar gross structural fold [18]. 
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Later, a genome database search identified SMUG1 orthologs in a few eubacteria lacking 
family 1 UNG [19, 23]. In comparison to the robust family 1 UNG, SMUG1 enzymes are 
less active to uracil-containing DNA, but they are versatile with broader substrate 
specificity, in which they include uracil, xanthine, 5-formyluracil, 5-hydroxyuracil, 5-
hydroxymethyluracil and 3, N4-ethenocytosine as substrates [19, 24-27]. Depending on 
reaction conditions, SMUG1 presents different substrate preferences. Notably, in the 
presence of Mg2+ under physiological conditions, SMUG1 switches into double-stranded-
selective UDG [28]. Through extensive biochemical and genetic analysis, SMUG1 was 
identified as the principal 5-formyluracil and 5-hydroxylmethyluracil DNA glycoyslase 
in mammalian systems [24, 26, 27, 29]. Later on, we reported that bacterial SMUG1, as 
well as human SMUG1, was not only a UDG, but also a xanthine DNA glycosylase [19]. 
The structures of the bacterial Geobacter metallireducens SMUG1 have been resolved 
[30].  
Through a large-scale phylogenetic analysis of UDG superfamily in more than 
1,000 completely sequenced genomes, it is shown that family 3 enzymes can be separated 
into two clades with the traditional family 3 SMUG1 as one of them (Fig. 2.1) [31]. UDG 
enzymes in another clade are present in eubacteria genus including Listeria, 
Lactobacillus, Streptomyces, Amycolatopsis and Flavobacteriaceae. This group of 
UDGs, which we named as SMUG1-like, is more similar to family 3 SMUG1s and shares 
a common ancestor with family 1 UNGs. As identified previously [31], a distinct 
difference between SMUG1-like and traditional SMUG1 is that the “GMNPGP” in motif 
1 of SMUG1 is changed to “GSSPAR” in SMUG1-like enzymes. To our knowledge, the 
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biochemical and enzymatic properties of SMUG1-like enzymes are completely unknown. 
In this study, we characterized a SMUG1-like DNA glycosylase from Listeria innocua 
(Lin). To our surprise, Lin SMUG1-like glycosylase is a single-stranded UDG with little 
activity on double-stranded uracil-containing DNA. Mutational analysis indicates similar 
roles of active site residues corresponding to SMUG1. Interestingly, a double substitution 
of S67-S68 in Lin SMUG1-like DNA glycosylase by M67-N68 in motif 1 to mimic 
SMUG1 is able to partially rescue the negative effects of the S67M and S68N single 
mutants, which implies correlation and co-evolution of the two catalytic residues. The 
potential physiological role of the SMUG1-like is also discussed. 
III. Material and Methods 
2.1. Plasmid construction, cloning, expression and purification 
The L. innocua SMUG1-like gene (GenBank accession number: 
WP_010991469.1) was amplified by PCR using the forward primer Lin_SMUG1_F (5’- 
GGG AAT TCC ATA TGG CTA GCA TGA CTG GTG - 3’; the NdeI site is underlined) 
and the reverse primer Lin_SMUG1_R (5’- CCG CTC GAG CCT CTT TAA AGC ACA 
-3’; the XhoI site is underlined). The PCR reaction mixture (25 µl) consisted of 8 ng of L. 
innocua genomic DNA, 200 nM forward primer Lin_SMUG1_F and reverse primer 
Lin_SMUG1_R, 1 x Phusion PCR buffer (New England Biolabs), 200 µM each dNTP, 
and 1 unit of Phusion DNA polymerase. The PCR procedure included a predenaturation 
step at 98°C for 5 min, 30 cycles of three-step amplification with each cycle consisting of 
denaturation at 98°C for 15 sec, annealing at 50°C for 15 sec and extension at 72°C for 1 
min, and a final extension step at 72°C for 10 min. The PCR product was purified by Gel 
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DNA Recovery Kit (Zymo Research).  Purified PCR product and plasmid pET21a (+) 
were digested with NdeI and XhoI, purified by Gel DNA Recovery Kit (Zymo research) 
and ligated according to the manufacturer’s instructional manual. The ligation mixture 
was transformed into E. coli strain DH5α competent cells prepared by electroporation. 
The sequence of the L. innocua SMUG1-like gene in the resulting plasmid (pET21a (+)-
Lin-SMUG1) was confirmed by DNA sequencing.  
The resulting plasmid with wild-type SMUG1-like was used as the template 
plasmid for all other SMUG1-like mutants. Amplification of mutant DNA and DpnI 
mediated site-directed mutagenesis procedures were carried out as previously described 
with modification by using primers carrying the desired mutations [32, 33].  To express 
the C-terminal His-6-tagged wild-type and mutant Lin SMUG1-like glycosylase gene, the 
recombinant plasmids were transformed into E. coli strain BL21 (DE3 ΔslyD Δmug Δudg 
Δnfi Δnth Δndk) by electroporation. Protein expression and purification were carried out 
as previously described [22]. 
2.2. DNA glycosylase activity assay 
The sequence of the oligonucleotides used for DNA glycosylase activity assay is 
shown in Fig. 2.2B, and prepared as previously described [19].  DNA glycosylase 
cleavage assays for Lin SMUG1-like proteins were performed at 42°C for 2 h in a 10 µl 
reaction mixture containing 10 nM oligonucleotide substrate, 20 μM glycosylase protein 
unless noted otherwise, 20 mM Tris-HCl (pH 7.5), 100 mM KCl, 5 mM EDTA and 1 
mM DTT. The resulting abasic sites were cleaved by incubation at 95°C for 5 min after 
adding 1 μl of 1 N NaOH. To quantify cleavage products and remaining substrates, the 
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reaction mixtures were analyzed by Applied Biosystems 3130xl sequencer with a 
fragment analysis module. Cleavage products and remaining substrates were quantified 
by GeneMapper software.  
2.3. Enzyme kinetic analysis 
Enzyme kinetic analysis was performed with Lin SMUG1-like glycosylase by 
incubating different concentrations of respective proteins (1 μM to 100 μM) with 10 nM 
substrate. Due to the low catalytic efficiency of Lin SMUG1-like, we determined the 
kinetic parameters under the conditions that enzyme concentration was in excess of 
substrate concentration as previously described [34]. The linear increase of kobs over 
enzyme concentrations precluded acquisition of individual k2 or Km, but allowed for 
determination of k2/Km [34]. The k2 / Km values were obtained by ploting kobs against total 
enzyme concentration by linear regression with equation  𝑘௢௕௦ =
௞మ[ா]
௄೘
 .  
2.4. Phylogenetic analysis 
A total of 28 glycosylase protein sequences were retrieved from Genbank and 
aligned using the multiple sequence alignment program ClustalX2 [35] and a structure-
based alignment program PROMALS3D [36]. Subsequently, the resulting alignment was 
curated manually to align the catalytic motifs. The phylogenetic tree was generated using 
the neighbor-joining method within the MEGA v6.0 software package [37] to infer the 
evolutionary history between different proteins. 
2.5. Spontaneous mutation frequency assay 
E. coli ung and Lin SMUG1-like glycosylase genes (WT and mutant) were 
amplified by PCR with added KpnI and HindIII sites. The amplicons and pBluescript-II 
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KS(+) were digested with KpnI and HindIII and ligated. Ligation mixtures were 
transformed into E. coli DH5α to produce constructs pBluescript-II KS (+)-UNG 
(encoding E. coli UNG glycosylase), pBluescript-II KS (+)-WT (encoding Lin SMUG1-
like glycosylase) and pBluescript-II KS (+)-S67M (encoding Lin SMUG1-like 
glycosylase S67M mutant). The sequences of the inserts were confirmed by DNA 
sequencing. E. coli strain MG1655 Δ3 (Δung Δmug Δnth) was transformed with the 
IPTG inducible constructs pBluescript-II KS (+)-UNG, pBluescript-II KS (+)-WT, 
pBluescript-II KS (+)-S67M (as control) and pBluescript-II KS (+) (as control), 
respectively. Single colonies were selected and inoculated into 4 ml liquid LB cultures 
supplemented with 50 μg/ml ampicillin. After overnight incubation at 30°C, IPTG was 
added to a final concentration of 0.5 mM. The cultures were incubated at 37 °C for an 
additional 5 h. For cell counting, the cell cultures were then diluted to 1 x 108 cells per ml 
and mixed with 3 ml of 0.7% soft agar and then plated on LB plates with both 50 μg/ml 
ampicillin and 100 μg/ml rifampicin. The plates were incubated at 37°C for 48 h and 
colony numbers on ampR and rifR plates were counted, respectively. The mutation 
frequency was calculated as the results of rifR colony number per 109 ampR colony 
number. 
Mutation rates to rifampicin resistance (rifR) were also estimated using fluctuation 
tests as described [38]. Strains used in spontaneous mutation frequency assay as 
described above were grown in LB broth supplemented with 50 ug/ml ampicillin, 50 
ug/ml kanamycin and 1 mM IPTG. Mutation rates from fluctuation tests were calculated 
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using the Ma-Sandri-Sarkar maximum likelihood method implemented in the FALCOR 
web tool (www.mitochondria.org/protocols/FALCOR.html) [39, 40]. 
2.6. Homology modeling 
Position-Specific Iterated BLAST (PSI-BLAST) was used to generate the 
alignment between the amino acid sequence from chain A of the Xenopus laevis SMUG1 
structure (PDB 1OE5) and SMUG1-like protein sequence from L. innocua (GenBank 
accession WP_010991469.1), which showed 19% identity and 31% similarity. The 
resulting sequence alignment and the Xenopus laevis SMUG1 structure were input to the 
MODELLER 9.15 software package [41]. A homology model was constructed for Lin 
SMUG1-like protein with uracil base. Using the CHARMM (ver. c36b1) package, the 
complex was refined by harmonic restraints with a force constant of 10 kcal/mol/Å2 to fix 
coordinates of amino acids within 10 Å of the uracil base, following by Newton-Raphson 
minimization of 200 steps to remove van der Waals clashes around uracil. After 
removing Harmonic restraints, a generalized Born implicit solvent was carried out, and 
the complex was refined for a further 1000 steps. The coordinates of uracil base were 
refined using the Autodock 4.6.2 package. 
2.7. Mutual information (MI) analysis 
The mutual information (MI) analysis was performed as previously described 
with modifications [34]. Briefly, to encompass the six known families of the UDG 
superfamily in the analysis, we compiled sequences of the families 2, 3, 5 and 6 and 
added them to the existing set of families 1 and 4 sequences [34]. Subsequently, a 
multiple sequence alignment was constructed using MEGA6 [37]. The alignment was 
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used as the input for the mutual information analysis using the MISTIC web server [42]. 
The reference sequence selected was the SMUG1-like glycosylase from Listeria innocua 
(GenBank accession WP_010991469.1). The parameters were set to those used 
previously [34]. 
IV. Results and Discussion 
3.1. SMUG1-like enzyme as UDG 
 Listeria innocua genome contains a traditional family 1 UNG (GenBank 
accession number EHN61868.1) and a SMUG1-like glycosylase and two AP 
endonucleases (GenBank accession numbers WP_003769869.1 and KJR54533.1), 
indicating that it possesses a complete base excision repair pathway. The SMUG1-like 
group as represented by the enzyme in L. innocua shows high degree of sequence 
homology to SMUG1 and possesses similar motifs except for noted difference in motif 1 
(Figs. 2.1, 2.2A). To determine its potential DNA repair function, we assayed the DNA 
glycosylase activity using the fluorescently labeled oligonucleotide substrates (Fig. 2.2B). 
The recombinant protein was cloned, expressed in E. coli and purified as shown in Fig. 
2.2C. Among the five damaged bases tested, the Lin SMUG1-like enzyme only showed 
DNA glycosylase activity toward uracil-containing DNA substrate under the conditions 
that the enzyme was in excess over the substrate (Fig. 2.2D). No enzymatic activity was 
detected with double-stranded and single-stranded hypoxanthine-, xanthine-, 5-
hydroxymethyluracil (hmU)-, 5-hydroxyuracil (OHU)-, 8-oxoguanine-, 8-oxoadenine-, 
5,6-dihydroxyuracil (DHU)-, 5-hydroxycytosine-, thymine glycol-, N6-methyladenine-, 
O6-methylguanine-, and ethenoadenine-containing DNA (Fig. 2.2D and data not shown). 
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Lin SMUG1-like enzyme did not show binding affinity to these substrates either as 
measured by gel mobility shift analysis (data not shown). Gme SMUG1 is still active 
with uracil-containing substrates with 1 nM enzyme and 10 nM substrate [19]. However, 
Lin SMUG1-like glycosylase required excess enzyme to show detectable activity on 
uracil-containing substrates, suggesting that the overall enzymatic activity was not as 
robust as Gme SMUG1 [19]. Unexpectedly, Lin SMUG1-like glycosylase was more 
active with single-stranded uracil-containing DNA and showed only low-level activity 
with double-stranded uracil-containing DNA (Fig. 2.2D). 
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Figure 2. 1 Phylogenetic analysis of UDG superfamily. The phylogenetic analysis was 
performed using the neighbor-joining method in MEGA 6. GenBank accession numbers 
are shown after the species names. SMUG1-like glycosylase: Lin, Listeria innocua 
WP_010991469.1; Lrh, Lactobacillus rhamnosus WP_014569641.1; Fba, Firmicutes 
bacterium CAG:822 WP_021872912.1; Ssp, Streptomyces sp. NRRL WC-3626 
WP_030213602.1. Family 1 (UDG): Eco, Escherichia coli, NP_289138; Hin, 
Haemophilus influenzae KR494, YP_008544610.1; Mtu, Mycobacterium tuberculosis, 
WP_003908950.1; Hsa, Homo sapiens, NP_003353. Family 2 (MUG/TDG): Eco, 
Escherichia coli, P0A9H1; Pan, Pantoea ananatis LMG 20103, ADD78558.1; Hsa, 
Homo sapiens, NP_003202; Mmu, Mus musculus, XP_003945901.1. Family 3 
(SMUG1): Gme, Geobacter metallireducens GS-15,YP_383069; Hsa, Homo sapiens, 
NP_055126;  Xla, Xenopus laevis AAD17300; Dme, Drosophila melanogaster, 
NP_650609.1. Family 4 (UDGa): Tth, Thermus thermophilus HB27, YP_004341.1; Pae, 
Pyrobaculum aerophilum str. IM2, NP_558739.1; Gme, Geobacter metallireducens GS-
15, YP_006721625.1; Mba, Methanosarcina barkeri str. Fusaro, YP_305330.1. Family 5 
(UDGb): Tth, Thermus thermophilus HB8, YP_144415.1; Pae, Pyrobaculum aerophilum 
str. IM2, NP_559226; Tvo, Thermoplasma volcanium GSS1, NP_111346.1; Mtu, 
Mycobacterium tuberculosis H37Rv, P64785 (Rv1259). Family 6 (HDG): Bph, 
Burkholderia phymatum STM815, YP_001858334.1; Mba, Methanosarcina barkeri str. 
Fusaro, YP_304295.1; Rco, Ricinus communis, XP_002536323.1; Ehi, Entamoeba 
histolytica HM-1:IMSS, XP_655177.1.  
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Figure 2. 2 Multiple sequence alignment and DNA glycosylase activity of Lin 
SMUG1-like glycoyslase. A. Multiple sequence alignment of SMUG1-like and SMUG1 
enzymes. GenBank accession numbers are shown after the species names. SMUG-like 
glycosylase: Lin, Listeria innocua WP_010991469.1; Liv, Listeria ivanovii 
WP_025279932.1; Lpa, Lactobacillus paracasei WP_016381167.1; Ssp, Streptomyces 
sp. NRRL WC-3626 WP_030213602.1; Asp, Amycolatopsis sp. WP_037336521; Fba, 
Firmicutes bacterium CAG:822 WP_021872912.1; Lrh, Lactobacillus rhamnosus 
WP_014569641.1; Family 3 (SMUG1): Gme, Geobacter metallireducens GS-15, 
YP_383069; Asp, Azoarcus sp. BH72, YP_935478; Rba, Rhodopirellula baltica SH 1, 
NP_869403; Oba, Opitutaceae bacterium TAV2, ZP_02013615.1; Spu, 
Strongylocentrotus purpuratus, XP_782746.1; Hsa, Homo sapiens, NP_055126; Mmu, 
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Mus musculus, NP_082161; Xla, Xenopus laevis, AAD17300; Dme, Drosophila 
melanogaster, NP_650609.1; Family 1 (UNG): Eco, Escherichia coli, NP_289138; 
Family 2 (MUG/TDG): Eco, Escherichia coli, P0A9H1. Family 3 (SMUG1): Gme, 
Geobacter metallireducens GS-15, YP_383069. Family 4 (UDGa): Tth, Thermus 
thermophilus HB27, YP_004341.1. Family 5 (UDGb): Tth, Thermus thermophilus HB8, 
YP_144415.1; Family 6 (HDG): Mba, Methanosarcina barkeri str. Fusaro, 
YP_304295.1. B. Sequences of deoxyoligonucleotide substrates. U, uracil; X, xanthine; I, 
hypoxanthine; hmU, 5-hydroxymethyluracil; OHU, 5-hydroxyuracil. FAM, 6-FAM 
fluorophore. C. Purified Lin SMUG1-like glycosylase protein as shown in 12% SDS-
PAGE gel. D. DNA glycosylase activity of wild type Lin SMUG1-like glycosylase on U-
, X-, I-, hmU- and OHU-containing substrates. Cleavage reactions were performed as 
described in Material and Methods with 20 µM wild type Lin SMUG1-like protein and 
10 nM substrate and incubated for 2 hours. Data are the averages of three independent 
experiments. 
To examine whether the strong preference for single-stranded U-containing DNA 
was simply the outcome of assay conditions, we examined UDG activity under different 
conditions. The enzyme showed optimal ss UDG activity at pH 7.5; however, the ds 
UDG activity remained very low across all pH values tested (Fig. 2.3A). Likewise, salt 
titration with KCl did not change its ss U preference (Fig. 2.3B). Lin SMUG1-like 
glycosylase had highest activity at 42°C with ss U but still with minimal activity on ds U 
at all temperatures examined (Fig. 2.3C). The glycosylase activity on ss U was enhanced 
with Mg2+ but suppressed by transition metal ions Co2+, Fe2+, Ni2+, Cu2+, Zn2+ and Cd2+ 
(Fig. 2.3D). These results indicate that the strong preference for ss U is an intrinsic 
property of the enzyme rather than a reflection of assay conditions. We tested the affinity 
of this glycosylase to single-stranded uracil-containing DNA, but it did not show retarded 
band in gel mobility shift analysis (data not shown). Because the overall enzymatic 
activity of Lin SMUG1-like glycosylase was low, we measured k2/Km under the condition 
that the enzyme concentration was in excess. This assay method was used previously to 
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study family 4 UDGa [34]. The k2/Km value for ss U was 3.5 x 10-6 min-1 nM-1, 
confirming that the overall kinetic efficiency of the enzyme was low (Table 1).  
 
Figure 2. 3 Effects of assay conditions on UDG activity of Lin SMUG1-like 
glycosylase. DNA glycosylase assays were performed as described in Material and 
Methods with 5 µM wild type Lin SMUG1-like glycosylase and 10 nM DNA substrate 
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and incubated for 1 hour. Data are the averages of three independent experiments. A. pH 
effect. The Tris-HCl buffer was replaced with 20 mM citrate-phosphate universal buffer 
at the indicated pH value.  4.0-8.0. B. salt effect. KCl was added to the reaction mixtures 
in the range of 0 to 500 mM. C. Temperature effect. The reaction mixtures were 
incubated at indicated temperatures before quenching. D. Divalent metal ion effect. 
Divalent metal ions in the final concentration of 5 mM were supplemented to the reaction 
mixtures.  
 
Table 2. 1 Kinetic constants of Lin SMUG1-like WT and mutant 
proteins for excision of uracila 
Lin SMUG1 Substrate k2/Km (min-1 nM-1) 
WT ss U 3.5 × 10-6 
 19 bubble 1.5 × 10-6 
S67M ss U N.A.b 
 19 bubble N.A. 
S68N ss U 6.4 × 10-8 
 19 bubble N.A. 
S67M-S68N ss U 1.4 × 10-7 
 19 bubble N.A. 
a Kinetic analysis was carried out as described in Material and 
Methods. Data are the averages of three independent experiments.  
b N.A. No activity detected under the assay conditions. 
 To further characterize the strong preference to ss U, we tested the UDG activity 
toward different bubble structures. A bubble structure is a double-stranded DNA 
containing an unpaired segment (Fig. 2.4). We designed 7-nucleotide, 13-nucleotide and 
19-nucleotide bubbles (Fig. 2.4A-B). A variant of the 19-nt bubble was also included by 
placing the uracil base 3-nt from the nearest double strand junction (Fig. 2.4B, 19-nt shift 
Bubbled DNA). The UDG activity followed the order of ss U > 19-nt bubble > 13-nt 
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bubble > 7-nt bubble > 19-nt shift bubble (Fig. 2.4C). The k2/Km value of the 19-nt 
bubble is 2-fold lower than that of the ss U substrate (Table 2.1). These results revealed 
that the closer to the double strand junction the uracil is, the lower the UDG activity. 
Hence, Lin SMUG-like glycosylase is adapted to act on ss U-containing DNA.  
 
Figure 2. 4 UDG activities of Lin SMUG1-like glycosylase on bubble-containing 
DNA substrates. A. Sequence of bubble substrates. B. Schematic illustration of bubble 
substrates. C. UDG activity of Lin SMUG1-like glycosylase on bubble-containing DNA 
substrates. Cleavage reactions were performed as described in Material and Methods with 
5 µM Lin SMUG1-like and 10 nM substrate and incubated for 1 hour. Data are the 
average of three independent experiments. 
3.2. In vivo analysis 
 To test whether the UDG activity could play a role in vivo, we initially measured 
mutation frequencies using the rifampicin-based assay [43, 44]. E. coli family 1 UNG is 
well known for its extremely robust UDG activity. As expected, the presence of E. coli 
UNG reduced the mutation frequency to 32 RifR colonies per 109 viable cells (Table 2.2). 
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In the presence of Lin SMUG1-like glycosylase, the mutation frequency reached 464 
RifR colonies per 109 viable cells (Table 2.2), which was about 15-fold higher than in the 
presence of E. coli UNG but 2-fold lower than its absence (Table 2.2, compare pBS-WT 
with pBS-S67M and pBS). To more precisely measure the mutation rates per cell 
division, we performed fluctuation tests as previously described [38]. The presence of E. 
coli UNG reduced the mutation frequency to 24 RifR colonies per 109 viable cells (Table 
2.2). In the presence of Lin SMUG1-like glycosylase, the mutation frequency reached 
146 RifR colonies per 109 viable cells (Table 2.2), which was about 6-fold higher than in 
the presence of E. coli UNG but about 2-fold lower than its absence (Table 2.2, compare 
pBS-WT with pBS-S67M and pBS). These results suggest that Lin SMUG1-like 
glycosylase can reduce mutation in vivo although not as efficiently as family 1 E. coli 
UNG. The single-stranded UDG activity may help repair of base damage occurring 
during DNA replication and transcription, as previously suggested [45]. 
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Table 2. 2 Antimutator effect of the Lin SMUG1 like glycosylasea 
Plasmid pBS-UNG pBS-WT pBS-S67M pBS 
Mutation Frequency 
(RifR/109 viable cells)b 
32 464 939 950 
Mutation Frequency 
(RifR/109 viable cells per generation)c 
24 146 247 254 
a: pBS-UNG, pBluescript containing E. coli ung gene; pBS-WT, pBluescript containing 
Lin SMUG1-like glycosylase gene; pBS-S67M, pBluescript containing the S67M 
mutant of the Lin SMUG1-like glycosylase gene; pBS, pBluescript alone. 
b: The average mutation frequency was determined from at least 3 independent 
experiments.  
c: Each mutation frequency was determined from 48 to 60 independent cultures. 
3.3. Site-directed mutagenesis of Lin SMUG1-like glycosylase in motifs 1, 2 and 3 
UDG enzymes have three conserved motifs that are important for their DNA 
glycosylase activity (Fig. 2.2A). As shown in the multiple sequence alignment, SMUG1-
like enzymes share some sequence conservation in the three motifs, in particular F81 in 
motif 1, N128A in motif 3 and H210 in motif 2 (Fig. 2.2A). In addition, as described 
above, a unique feature of the SMUG1-like enzymes is the substitution of GMNP with 
GSSP in motif 1. To investigate the role of these residues in Lin SMUG1-like enzyme, 
we substituted F81, N128 and H210 with alanine, and S67 and S68 with several residues 
(Fig. 2.2A). Alanine substitution at F81, N128 and H210A positions rendered the enzyme 
much less active compared with the WT enzyme (Table 2.3). Similar effects of these 
substitutions in SMUG1 enzymes were reported previously [23]. To understand the 
mutational effects, we modeled the structure of Lin SMUG1-like glycosylase using 
Xenopus SMUG1 as a template. Molecular modeling indicates that these three residues 
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interact with uracil in a way similar to what has been observed in family 3 SMUG1 [46, 
47]. The highly conserved F81 in motif 1 stacks with uracil to stabilize the flipped out 
base (Fig. 2.5A). Likewise, F109 in Xenopus SMUG1 and F98 in human SMUG1 play a 
similar role (Fig. 2.5B) [46, 47]. Situated in the same location as N174 in Xenopus 
SMUG1 and N163 in Human SMUG1 [46, 47], N128 in Lin SMUG1-like glycosylase 
could interact with N3 and O4 of the uracil base (Fig. 2.5A-B). The first histidine residue 
in motif 2 is proposed to form a hydrogen bond with O2 of uracil to stabilize the 
negatively charged uracil leaving group in family 1 UNG, family 4 UDGa and family 5 
UDGb [21, 34, 48]. It is likely that H210 plays a similar catalytic role in Lin SMUG1-
like glycosylase (Fig. 2.5A-B).  
In Lin SMUG1-like glycosylase, S67 is located in the similar position as M95 in 
Xenopus SMUG1 (Figs. 2.2A and 2.5C-D). The mainchain amino group of M95 or S67 
interacts with the O2 of uracil (Fig. 2.5C-D). Substitution of S67 with Ala, Ile and Met all 
resulted in loss of glycosylase activity (Table 2.3). Even though the equivalent position in 
family 2 E. coli MUG and family 3 Xenopus SMUG1 is Ile and Met, respectively, the 
S67I and S67M mutants were inactive. These results suggest that although Ile and Met 
residues are compatible in family 2 and family 3 enzymes, they are not in SMUG1-like 
enzymes.  
In Lin SMUG1-like glycosylase, S68 is located in the similar position as N96 in 
Xenopus SMUG1 (Figs. 2.2A and 2.5C-D). In E. coli MUG, the mainchain amino group 
and the sidechain amide group of N18 located in the equivalent position are proposed to 
position a water molecule for catalysis [11, 49]. Likewise, N96 in Xenopus SMUG1 and 
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S68 in Lin SMUG1-like glycosylase could play a similar catalytic role by using the 
mainchain and sidechain to position the catalytic water (Fig. 2.5C-D). Substitution of S68 
with Ala resulted in loss of glycosylase activity (Table 2.3). However, substitution of S68 
with Asn, Asp, Glu and Gln retained UDG activity to various degrees (Table 2.3). These 
results may indicate the need of functional sidechain to position the water molecule (Fig. 
2.5C). Overall, Lin SMUG1-like glycosylase adopts a similar catalytic mechanism as 
SMUG1, in which H210 is responsible for promoting the departure of the uracil leaving 
group and S68 is needed to position a water molecule to attack the N-glycosidic bond 
(Fig. 2.5E).  
To test whether S67 and S68 are correlated, we constructed an S67M-S68N 
double mutation. S67M-S68N mutant turned out to be more active than the S67M or 
S68N single mutant with single-stranded uracil-containing DNA (Table 2.3), suggesting 
that these two positions are correlated. No detectable glycosylase activity was found with 
double-stranded uracil-containing DNA. To more quantitatively compare the mutational 
effects of the single mutants, double mutant with the WT Lin SMUG1-like glycosylase, 
we determined the enzyme kinetics parameters. S68N single mutation reduced the k2/Km 
value by two orders of magnitude (Table 2.1). Even though S67M-S68N double mutation 
reduced the k2/Km value by 25-fold as compared with the wild type enzyme, it increased 
the k2/Km value by 2-fold over the S68N mutation (Table 2.1). Compared with S67M 
single mutation, even though S67M did not show any detectable UDG activity under the 
assay conditions, adding S68N mutation to it apparently reactivated the UDG activity 
(Table 2.1). These results indicate that S67M and S68N can work as a correlated pair in 
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Lin SMUG1-like glycosylase, although less efficiently than the natural S67-S68 pair. To 
assess whether the enhanced glycosylase activity on ss U was due to a relaxation of 
specificity, we examined the activity using double-stranded and single-stranded 
hypoxanthine-, xanthine-, 5-hydroxymethyluracil (hmU)-, 5-hydroxyuracil (OHU)-, 8-
oxoguanine-, 8-oxoadenine-, 5,6-dihydroxyuracil (DHU)-, 5-hydroxycytosine-, thymine 
glycol-, N6-methyladenine-, O6-methylguanine-, and ethenoadenine-containing DNA 
with 20 µM enzyme and 10 nM substrate. No detectable activity was found under the 
assay conditions, suggesting that the S67M-S68N doublet mutant retained its specificity. 
Table 2. 3 Gycosylase activity of Lin SMUG1-like 
glycosylase on ss U-containing DNAa 
A T T T 
U U U U U 
wild type 2 3 7 8 100 
S67A 0 0 0 0 0 
S67I 0 0 0 0 0 
S67M 0 0 0 0 0 
S68A 0 0 0 0 0 
S68N 0 0 0 0 11 
S68D 0 0 0 0 17 
S68E 0 0 0 0 38 
S68Q 0 0 0 0 7 
S67M-S68N 0 0 0 0 48 
F81A 0 0 0 0 21 
N128A 0 0 0 0 14 
H210A 0 0 0 0 21 
a: The reactions were performed as described in 
Material and Methods with 20 µM Lin SMUG1-like 
enzyme and 10 nM DNA substrate and incubated for 
2 hours. Data are the averages of three independent 
experiments.  
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Figure 2. 5 Interactions between Lin SMUG1-like glycosylase and uracil-containing 
DNA. Uracil is shown in cyan. Hydrogen bonds are shown as dash lines. A. Interactions 
between Lin SMUG1-like glycosylase and uracil base. Lin SMUG1-like glycosylase 
structure was modeled based on Xenopus SMUG1 structure (PDB code 1OE5). B. 
Interactions between Xenopus SMUG1 glycosylase (PDB code 1OE5) and uracil base. C. 
Modeled interactions between S67 and S68 of Lin SMUG1-like glycosylase and uracil 
base. A water molecule is shown as a purple circle. The DNA with seudo-U base is taken 
from PDB 1EMH [50]. D. Modeled interactions between M95 and N96 of Xenopus 
SMUG1 glycosylase and uracil base. A water molecule is shown as a purple circle. The 
DNA with seudo-U base is taken from PDB 1EMH. E. Hypothetical catalytic mechanism 
of Lin SMUG1-mediated hydrolysis of the N-glycosidic bond.   
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3.4. Mutual information analysis 
Previously, we used mutual information-based method to investigate amino acid 
correlation in family 4 UDGa and family 1 UNG enzymes [34]. Applying similar analysis 
to the SMUG1-like enzymes using six families in the UDG superfamily, we found that 
S67 and S68 in Lin SMUG1-like DNA glycosylase were also correlated (Fig. 2.6). This 
is consistent with our experimental results showing S67M-S68N is more active as a UDG 
than either S67M or S68N single mutant (Table 2.1). The equivalent positions to S67-S68 
in family 4 Tth UDGa are the E41-G42 pair. Similar to the results reported here, the 
E41Q-G42D double mutant is more active than E41Q or G42D single mutant [34]. Taken 
together, these results underscore the correlated nature of the two neighboring residues in 
different UDG families. As explained above, these two positions play important roles in 
protein-DNA interactions and catalysis. Understandably, this amino acid doublet may 
work in concert to carry out its catalytic function in UDG enzymes.  
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Figure 2. 6 Circos diagram of Lin SMUG1-like glycosylase.  The circular 
representation of the multiple sequence alignment using Lin SMUG1-like glycosylase as 
the reference sequence. The diagram contains the amino acid residue positions and 
residue identities mapped to the reference sequence. The square box below each residue 
represents the level of conservation ranging from red (highly conserved) to blue (less 
conserved). The bars in the histogram represent the co-evolutionary correlations from the 
mutual information analysis with a value higher than 6.5 [42]. The connecting lines 
between residue pairs follow a color scheme for ranking correlation between positions in 
the multiple sequence alignment where red indicates the top 5%, black between 95% and 
70% and gray the remaining interactions.  
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3.5. Concluding remarks 
Even though E. coli UNG, as the first discovered DNA glycosylase, is a narrow 
specificity enzyme acting on uracil-containing DNA [6], now we know that enzymes in 
UDG superfamily are quite diverse in their specificities. Enzymes in families 2, 3, 4, and 
6 can work on purine deamination damage such as xanthine or hypoxanthine DNA 
glycosylase. As for the UDG activity, family 1 and 4 enzymes can all remove uracil from 
double- and single-stranded DNA [34]. Some family 2 and 5 enzymes prefer double-
stranded DNA [13, 21]. Family 3 SMUG1 enzymes were first identified as a single-
stranded selective UDG [18], yet later UDG activity on double-stranded DNA was 
detected [19, 23, 25, 47, 51]. Unlike family 3 SMUG1 enzymes, the Listeria SMUG1-
like UDG indeed prefers single-stranded uracil-containing DNA under all assay 
conditions we tested. The genome of L. innocua is 3.09 million bp long with an average 
G+C content of 37.4% [52]. The weak stacking interactions between A/T pairs can cause 
higher frequency of opening up DNA to create intermittent single-stranded domains, so-
called DNA bubbles and once opened longer lifetime [53, 54]. Spontaneous cytosine 
deamination occuring in single-stranded DNA is 100-fold greater in comparison to that in 
the DNA duplex [55, 56]. Listeria can also live in high temperature environment [57], at 
which base deamination is accelerated. The SMUG1-like DNA glycosylase with strong 
preference for single-stranded DNA may be needed to counter the mutagenic cytosine 
deamination and maintain the integrity of this low G/C genome. The SMUG1-like 
enzyme from Listeria represents the first example of a single-stranded DNA glycosylase 
in UDG superfamily. 
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 CHAPTER THREE 
AN UNCONVENTIONAL FAMILY 1 URACIL DNA GLYCOSYLASE IN 
NITRATIFRACTOR SALSUGINIS 
I. Abstract 
The uracil DNA glycosylase superfamily consists of at least six families with a 
diverse specificity towards DNA base damage. Family 1 UNG exhibits exclusive 
specificity on uracil-containing DNA. Here, we report a family 1 UNG homolog from 
Nitratifractor salsuginis with distinct biochemical features that differentiate it from 
conventional family 1 UNGs. Globally, the crystal structure of N. salsuginis UNG shows 
a few additional secondary structural elements. Biochemical and enzyme kinetic analysis, 
coupled with structural determination, molecular modeling and molecular dynamics 
simulations, shows that N. salsuginis UNG contains a salt bridge network that plays an 
important role in DNA backbone interactions. Disruption of the amino acid residues 
involved in the salt bridge greatly impedes the enzymatic activity. A tyrosine residue in 
motif 1 (GQDPY) is one of the distinct sequence features setting family 1 UNG apart 
from other families. The crystal structure of Y81G mutant indicates that several subtle 
changes may account for its inactivity. Unlike the conventional family 1 UNG enzymes, 
N. salsuginis UNG is not inhibited by Ugi, a potent inhibitor specific for family 1 UNG. 
This study underscores the diversity of paths that a uracil DNA glycosylase may take to 
acquire its unique structural and biochemical properties during evolution.  
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II. Introduction 
DNA is subjected to a variety of damage caused by environmental assault and 
endogenous agents. DNA bases are subject to deamination by hydrolytic or oxidative 
reactions due to the reactivity of the exocyclic amino groups [1-3]. Cytosine (C), guanine 
(G), adenine (A), and 5-methylcytosine (mC) can be deaminated to generate uracil (U), 
hypoxanthine (I), xanthine (X), and thymine (T), respectively. Because of the amino to 
keto conversion, base deamination alters the hydrogen bonding properties of the damaged 
bases from a hydrogen donor to a hydrogen acceptor. Consequently, mutations can be 
generated during DNA replication. Uracil may also appear in DNA as an A/U base pair 
due to misincorporation of dUTP into the genome by DNA polymerase.  
Uracil DNA glycosylase (UDG) initiates the base excision repair (BER) for the 
repair of uracil or other types of base damage. At least six families are identified in UDG 
superfamily.  Family 1 UNGs, which are common in bacteria and eukaryotes, show rather 
narrow specificity towards uracil and its derivatives [4, 5]. Family 2 MUG/TDG enzymes, 
also found in bacteria and eukaryotes, have much broader specificity with some members 
showing activity toward all deaminated bases [6-9]. Human TDG is now known as part 
of the demethylation system due to its DNA glycosylase activity for formyl-C (fC) and 
carboxyl-C (caC) [10, 11], indicating a functional transition beyond DNA repair. Family 
3 SMUG1 enzymes, found in vertebrates and bacteria, are known as uracil DNA 
glycosylases and xanthine DNA glycosylases (XDG) [12, 13]. Family 4 UDGa enzymes, 
found in bacteria and archaea, have a narrow substrate specificity toward uracil [14]. 
Family 5 UDGb glycosylases, also found in bacteria and archaea, can act on uracil, 
82 
 
hypoxanthine (deamination product of adenine), xanthine (deamination product of 
guanine), and other base derivatives [15-20]. Family 6 enzymes, found in archaea, 
bacteria and eukaryotes, are known for their predominant hypoxanthine DNA glycosylase 
(HDG) activity [21]. 
As first discovered in E. coli back in 1974, family 1 UNG is a prototypical DNA 
repair glycosylase in UDG superfamily [22]. Extensive investigations in E. coli, human 
and Herpes virus UNGs have revealed its active site organization, catalytic mechanism 
and roles in repair of cytosine deamination and removal of uracil due to dUTP 
misincorporation in DNA [4, 5, 8, 23-25]. Extensive structural, mutational and 
biochemical investigations have revealed that family 1 UNG enzymes have evolved an 
elaborate mechanism for base damage recognition and glycosidic bond cleavage [4, 26]. 
For the uracil recognition, a pinch-push-pull mechanism is proposed, in which a proline-
rich loop and a Gly-Ser loop are involved in initial pinching, causing the bending of the 
DNA backbone and facilitating the flipping of the uracil base; the Leu residue (L272 in 
human UNG) in the minor-groove intercalation loop (motif 2) pushes the uracil out of the 
helix by inserting into the original uracil space; the residues directly interacting with the 
flipped-out uracil serves the purpose of pulling. The chemical catalysis of the glycosidic 
bond cleavage requires water activation by an Asp residue (D145 in human UNG) and a 
His residue (H268 in human UNG) in motif 2 to act as a general acid to stabilize the 
leaving uracilate anion [4, 25]. Insights gained from studying family 1 UNGs have 
provided a framework and served as a reference for understanding other families in UDG 
superfamily. An interesting aspect of family 1 UNG research is the discovery of a protein 
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mimicry of DNA, Ugi for uracil-DNA glycosylase inhibitor, in Bacillus phages PBS1 and 
PBS2 [27-30]. Unlike regular DNA-based genomes, thymine is replaced by deoxyuracil 
in PBS2 genome [31]. To maintain viability in its Bacillus host, PBS2 genome encodes 
the ugi gene to inhibit the host UNG. Ugi is a potent inhibitor of UNG and it binds to 
UNG in a 1:1 stoichiometry [32, 33]. Structural analyses show that the Ugi protein forms 
a mimicry of DNA by inserting a phosphate backbone mimicking -strand into the 
enzyme’s DNA binding interface, blocking the interaction between UNG and DNA [34-
37]. Ugi not only blocks the enzymatic activity of Bacillus UNG, it also inhibits family 1 
UNG from other species including human UNG [34, 35, 38]. However, enzymes from 
other families in UDG superfamily are not inhibited by Ugi, suggesting a specific 
interaction between Ugi and family 1 UNG.  
Nitratifractor salsuginis (Nsa) is nitrate-reducing chemolithoautotrophic 
bacterium isolated from a deep-sea hydrothermal vent chimney in the Mid-Okinawa 
Trough in Japan [39]. In mining sequenced genome database, we identified a family 1 
UNG homolog in Nsa genome. Here, we report characterization of Nsa UNG using a 
combined biochemical, structural and enzyme kinetics approach. Using enzyme kinetics 
analysis, we found Nsa UNG is a robust uracil DNA glycosylase with narrow specificity. 
X-ray crystallographic analysis identified regions unique to Nsa UNG. Site-directed 
mutagenesis coupled with structural information allowed identification of catalytic 
residues common to other family 1 UNG enzymes and unique to Nsa UNG. Enzyme 
activity assays performed in the presence of Ugi indicated a complete lack of inhibition, a 
feature distinctly different from conventional family 1 UNG. The possible reasons for the 
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lack of Ugi inhibition are explained in light of molecular modeling analysis. 
III. Experimental procedures 
Cloning, site-directed mutagenesis, expression and purification of Nsa UNG-The Nsa 
ung gene from Nitratifractor salsuginis strain E9I37-1 (DSM 176511) (GenBank 
accession number: YP_004167197.1) was amplified by PCR using the forward primer 
NsaUNG F (5’- GGGAATTCCATATGACCAATAACAAATAC -3’; the NdeI site is 
underlined) and the reverse primer NsaUNG R (5’-CCGCTCGAGTCTTTT 
GAGCAGCAGGTC-3’; the XhoI site is underlined).The PCR reaction mixture (50 μl) 
consisted of 20 ng Nitratifractor salsuginis genomic DNA, 500 nM forward and reverse 
primers, 1 x Phusion DNA polymerase buffer, 200 μM each dNTP and 0.2 unit of 
Phusion DNA polymerase (New England Biolabs). The PCR procedure included a 
predenaturation step at 98°C for 30 s; 30 cycles of three-step amplification with each 
cycle consisting of denaturation at 98°C for 15 s, annealing at 65°C for 20 s, and 
extension at 72°C for 40 s; and a final extension step at 72°C for 3 min. The PCR product 
was purified by gel DNA recovery kit (Generay). The purified PCR product and plasmid 
pET21a were digested by NdeI and XhoI, purified by gel DNA recovery kit, and ligated 
according to the manufacturer’s instructional manual. The ligation mixture was 
transformed into E. coli strain HB101 competent cells by electroporation. The sequence 
of the Nsa UNG gene in the resulting plasmid (pET21a-NsaUNG) was confirmed by 
DNA sequencing.  
The resulting plasmid with wild-type Nsa UNG was used as the template plasmid 
for all other Nsa UNG mutants. Amplification of the mutant DNA and DpnI mediated 
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site-directed mutagenesis procedures were modified as previously described by using 
primers carrying the desired mutations [40]. Briefly, PCR mixtures (25 μl) contained 10 
ng of pET-21a (+)-NsaUNG as a template, 65 nM of each primer pair, 200 μM each 
dNTP, 1 x Phusion PCR polymerase buffer, and 1 unit of Phusion DNA polymerase.  The 
PCR procedure included a pre-denaturation step at 98°C for 2 min; 25 cycles of three-
step amplification with each cycle consisting of denaturation at 98°C for 30 s, annealing 
at 55°C for 30 s and extension at 68°C for 5 min; and a final extension step at 68°C for 
10 min. After treatment with 2 units of DpnI for 1 h at 37°C, 5-μl PCR products were 
transformed into E. coli DH5α competent cells. For mutant with deleted region, we used 
the traditional overlapping PCR methods as described previously [41]. Successful mutant 
in the resultant clones were confirmed by DNA sequencing. The pET21a-NsaUNG WT 
and mutants were transformed into E. coli strain BH214 (ung-, mug-) by the standard 
protocol to express the C-terminal His-6-tagged Nsa UNG protein. Induction, sonication 
and purification were carried out as previously described with modification [21]. Briefly, 
after HisTrap column purification, fractions of the eluate containing Nsa UNG were 
pooled, dialyzed to buffer containing 20 mM Tris-HCl (pH 7.2), 40 mM NaCl and 1 mM 
DTT and loaded onto a 1-ml HiTrap SP column, washed with 5 ml of HiTrap SP buffer A 
(20 mM Tris-HCl (pH 7.1), and 1 mM DTT), and eluted with a linear gradient of 0–100% 
HiTrap SP buffer B (HiTrap SP buffer A and 1 M NaCl). Fractions containing Mba 
glycosylase (10–20% HiTrap SP buffer B) were pooled and concentrated through 
Microcon YM 10 (Millipore). 
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Preparation of SeMet-labeled protein-A 20-mL overnight Luria-Bertani culture of the 
WT NSA UNG/pET-21a (+) containing 50-μg/ml ampicillin was prepared. The next 
morning the cells were resuspended in 10-mL M9 medium after centrifugation and were 
transferred to the 1L of M9 salt medium containing 50-μg/ml ampicillin. When OD600 
reached 0.5, an amino acid mixture containing 100 mg of lysine, phenylalanine, and 
threonine, 50 mg of isoleucine, leucine, valine, and 60 mg of SeMet was added. Then the 
growth temperature was reduced to 30ºC. The culture was induced with 0.5 mM IPTG 
and kept shaking for 16~18 hours. The cells were harvested by centrifugation, 
resuspended in cold nickel-nitrilotriacetic acid (Ni-NTA) buffer A containing 20 mM 
Trsi-HCl pH 8.0, 250 mM NaCl, 10 mM imidazole, 10 mM β-mercaptoethanol (β-ME), 
and 1 mM phenylmethylsulfonyl fluoride (PMSF). The cells were disrupted by 
ultrasonication and the supernatant was obtained by centrifugation at 14,000 rpm for 1 h 
at 4°C. The supernatant was then applied onto Ni-NTA affinity resin (Qiagen) 
equilibrated with Ni-NTA buffer A. The target protein was eluted with Ni-NTA buffer B 
(20 mM Tris-HCl pH 8.0, 250 mM NaCl, 250 mM imidazole, 10 mM β-ME and 1 mM 
PMSF). The target protein fractions were pooled and dialyzed in a buffer consisting of 20 
mM Tris-HCl (pH 8.0), 250 mM NaCl, and 2 mM DTT. The desalted protein was applied 
onto a HiTrap Heparin HP column (GE Healthcare) equilibrated with Heparin HP buffer 
A (20 mM Tris-HCl (pH 8.0), 50 mM NaCl, 2 mM DTT), and the NSA UNG protein was 
eluted with 20 mM Tris-HCl (pH 8.0), 2 mM DTT with a NaCl concentration gradient 
from 0-1 M. The final protein was concentrated to 8 mg/ml by a Millipore centrifugal 
filter (molecular-weight cutoff of 10 kDa) and stored at -80°C.  
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Crystallization, data collection and structure determination-The initial screens for NSA 
UNG crystals were manually set up using the sitting-drop vapor-diffusion method, with 
crystal screens I and II and the index screen (Hampton Research, CA, USA). The sample 
was mixed with the well solution in 1:1 ratio (v/v). The SeMet-labeled wild-type protein 
and the native G65Y mutant were crystallized under the same condition, with the SeMet-
labeled sample being kept in a reducing environment throughout. The final optimized 
crystallization condition is 10% PEG 3350, 0.1 M HEPES pH 7.0, 5% glycerol.  
All crystals were flash frozen in liquid nitrogen after being soaked in a 
cryoprotectant containing all the reservoir solution components supplemented with 20% 
glycerol (v/v). X-ray diffraction data were collected using beamlines 17U1 (BL17U1, 
Y81G dataset) and 19U1 (BL19U1, WT dataset) at the Shanghai Synchrotron Radiation 
Facility (SSRF, Shanghai, P. R. China). The complete single-wavelength anomalous 
dispersion (SAD) dataset of the SeMet-labeled WT crystals was collected at the peak 
position of SeMet (0.979 Å). The diffraction images were processed using HKL3000 [42] 
and determined with the software package Crank2 [43]. One molecule of NSA UNG was 
predicted to be present in the asymmetric unit, with the space group P212121. After the 
determination of the SeMet sites, density modification was carried out until an 
interpretable map was obtained. The model-building and refinement were carried out 
based on the initial model from SAD phasing by Coot and Phenix.refinement [44, 45]. 
The final model containing six SeMet residues was validated by Molprobity [46]. The 
structure of the Y81G mutant was obtained using molecular replacement with the WT 
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structure as the search model. All the data collection and refinement statistics are 
presented in Table 3.1. 
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Table 3. 1. Data collection and refinement statistics 
 WT-SeMet (5X3G) Y81G (5X3H) 
Data collection SSRF BL19U1 SSRF BL17U1 
Wavelength 0.9791 0.99 
Space group P21212 P21 
Cell dimensions   
a, b, c (Å) 37.87, 59.39, 99.68 38.41,114.76, 55.54 
α, β, γ () 90.0, 90.0, 90.0 90.0, 91.4, 90.0 
Resolution (Å) 50.0-2.02 (2.09-2.02)a 50.0-2.5 (2.59-2.50) 
Rmergeb (%) 12.9 (80.6) 7.9 (26.3) 
I/σ(I) 25.3 (3.0) 16.5 (5.8) 
Completeness (%) 100 (100) 99.2 (98.5) 
Redundancy 12.7 (13.0) 3.5 (3.4) 
Refinement 
Resolution (Å) 31.94-2.02 (2.18-2.02) 39.90-2. 50 (2.69-2.50) 
No. reflections 15253 16470 
Rworkc/Rfreed  0.213/ 0.261 0.211/0.265 
No. atoms 
Protein 1967 3837 
Water 105 24 
B-factors (Å2) 
Protein 34.57 41.42 
Water 35.83 36.38 
R.m.s deviations 
Bond lengths (Å) 0.003 0.006 
Bond angles (º) 0.65 1.00 
Ramachandran favored (%) 96.76 98.78 
Allowed (%) 3.24 1.22 
Outliers (%) 0 0 
a: Values in parentheses are for the highest-resolution shell.  
b: Rmerge =Σ |(I - < I > )|/σ(I), where I is the observed intensity.  
c: Rwork = Σhkl ||Fo| - |Fc||/ Σhkl |Fo|, calculated from working data set.  
d: Rfree is calculated from 5.0% of data randomly chosen and not included in refinement. 
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Oligodeoxynucleotide substrates -Oligodeoxynucleotides containing deoxyuridine(U), 
deoxyinosine (I) and deoxyxanthosine (X) were obtained or constructed as previously 
described [13]. 
DNA glycosylase activity assay-DNA glycosylase cleavage assays for Nsa UNG were 
performed at optimized temperature 60°C for 60 min in a 10 μl reaction mixture 
containing 10 nM oligonucleotide substrate, 100 nM Nsa UNG, 20 mM Tris-HCl buffer 
(pH 7.5), 350 mM KCl, 1mM DTT, and 1 mM EDTA. The resulting abasic sites were 
cleaved by incubation at 95°C for 5 min after adding 1 μl of 1N NaOH. The reaction 
mixtures (2 μl) were mixed with 7.8 μl Hi-D formamide and 0.2 μl GeneScan 500 LI Size 
Standard and analyzed by Applied Biosystems 3130xl genetic analyzer with a fragment 
analysis module. Cleavage products and remaining substrates were quantified by 
GeneMapper software.  
Enzyme kinetic analysis-Uracil DNA glycosylase assays were performed at optimized 
condition with 10 nM G/U substrates with enzyme in excess ranging from 50 nM to 2000 
nM. Samples were collected at 0.01 s, 0.05 s, 0.1 sec, 0.2 s, 0.5 s, 1 s and 2 s for Nsa 
UNG-WT using a rapid quench flow apparatus as described below. Samples of Nsa UNG 
mutants were collected at 10 s, 30 s, 1 min, 2 min, 5 min and 10 min manually. The 
apparent rate constants for each concentration were determined by curve fitting using the 
integrated first-order rate equation (1): 
𝑃 = 𝑃௠௔௫(1 − 𝑒ି௞೚್ೞ௧)  (1) 
Where P is the product yield, Pmax is the maximal yield, t is time and kobs is the apparent 
rate constant. 
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 The kinetic parameters k2 and Km were obtained from plots of kobs against the total 
enzyme concentration ([E0]) using a standard hyperbolic kinetic expression with the 
program GraphPad 6 following the equation (2)[47] 
𝑘௢௕௦ =  
௞మ  [ாబ]
௄೘ା  [ாబ]
   (2) 
            For some mutants with a large Km in which Km >> [E0], the kinetic parameter 
k2/Km values were obtained from plots of kobs against total enzyme concentration ([E0]) 
using a linear regression with program GraphPad 6 following the equation (3)[48]. 
𝑘௢௕௦ =
௞మ  [ாబ]
௄೘
     (3) 
Rapid chemical quench-flow measurements-The short time course DNA glycosylase 
assays as shown in Fig. 3.1 were performed at 60 °C in reaction buffer (20 mM Tris-HCl 
buffer (pH 7.5), 350 mM KCl, 1 mM DTT, and 1 mM EDTA) with 10 nM DNA 
substrates and 100 nM Nsa UNG protein using a Rapid Quench Flow (RQF-3, KinTek 
Corporation). Reactions were initiated by mixing equal volumes (˷50 µl) of the 10 nM 
FAM-labeled substrate and 100 nM enzyme solution. At time points between 0 and 5 s, 
the reactions were quenched with 0.1 M NaOH delivered from the quench syringe.  
Molecular modeling-The crystal structure of Nsa UNG-WT was used as a model for 
subsequent computational analysis. A structure of DNA with a flipped-out pseudouracil 
base was extracted from the crystal structure of family 1 human UNG-DNA complex 
(PDB 1EMH) [4] using the Swiss-Pdb Viewer (SPDBV) program [49]. The Nsa UNG-
WT structure was superimposed upon the hUNG-DNA crystal structure (1EMH) using 
VMD 1.9.2 [50]. Removal of the hUNG protein coordinates resulted in a model of Nsa 
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UNG bound to DNA. Nsa UNG-S86A and Nsa UNG-D94A mutants complexed with 
DNA were constructed using the mutation tool in the Swiss-Pdb Viewer program and the 
“best rotamer” was chosen with the lowest clash score. 
Molecular dynamics simulations-After building the initial complex structures, an explicit 
solvent system using the TIP3P water model was constructed in the VMD 1.9.2 using a 
suitably sized box. The minimum distance between any of the atoms of the solvated Nsa 
UNG-DNA complex and the box boundary was maintained to at least 9 Å. Potassium 
chloride ions were added to the system to achieve an electrically neutral system and the 
concentration was set to 350 mM. The CHARMM 27 all hydrogen force field for proteins 
[51] and nucleic acids [52] were used. Particle-mesh Ewald summation [53] was applied 
in the periodic boundaries condition for the efficient calculation of long-range 
electrostatic interactions. Energy minimization was performed by using 8000 steps to 
remove any unfavorable van der Waals clashes while minimally perturbing the original 
modeled structure. Using a Langevin barostat [54], an isothermal-isobaric ensemble 
(NPT) was constructed in NAMD program [55] and the system was heated gradually 
from 100 K to 333 K over a period of 400 ps. An integration time step of 1 fs was used in 
order to avoid any significant structural deformation during heating, equilibration and 
production runs. Coordinates were saved every 2 ps. Calculated RMSD demonstrated that 
the trajectories have stabilized in 5 ns for each simulation (data not shown). Thus a total 
of 5 ns equilibration followed by 7 ns production simulation were performed for each 
structural analysis. VMD 1.9.2 was used for visualization. 
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IV. Results 
 The predicted Nsa ung gene is 765 nucleotide long, which translates into 255 
amino acids. In comparison, the prototypical E. coli UNG contains 229 amino acids. By 
SIAS analysis (http://imed.med.ucm.es/Tools/sias.html), the full length Nsa UNG shares 
with E. coli UNG 24%, human UNG 21%, human herpes simplex virus 1 (HSV1) UNG 
24% sequence identity and with E. coli 26%, human UNG 23%, HSV1 UNG 25% 
sequence similarity, respectively. As shown in Fig. 3. 2A, compare to other traditional 
family 1 UNG enzymes, there are two major insertions in Nsa UNG labelled as region B 
and region C. However, like other typical family 1 UNG enzymes, Nsa UNG contains 
three important motifs that define the substrate specificity and catalytic activity (Fig. 3. 
1A). Using fluorescently labeled DNA, we tested the DNA glycosylase activity on uracil 
(U)-, hypoxanthine (I)-, and xanthine (X)-containing substrates (Fig. 3.1B and C). Similar 
to other family 1 UNGs, Nsa UNG doesn’t show any activity to hypoxanthine and 
xanthine-containing substrates, it only exhibited quite robust enzymatic activity on U-
containing DNAs, in particular in double-stranded U-containing substrates, in which the 
turnover was completed in the first time point (10 min) at optimized salt condition (Fig. 
3.1D, E and F). In the shorter time-course analysis carried out using a quench-flow 
apparatus, the reactions of double-stranded U-containing substrates were completed 
within five seconds (Fig. 3.1G). Similar to other family 1 UNG enzymes, Nsa UNG 
showed no activity towards thymine in a G/T base pair (data not shown).  
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Figure 3.1. Sequence alignment, substrate and glycosylase activity of Nsa UNG. A. 
Sequence alignment of Nsa UNG and other UDG families; Nsa, Nitratifractor. 
salsuginis, YP_004167197.1; Ssp, Sulfurovum sp. AR, WP_008244665.1; Sar, 
Sulfurospirillum arcachonense, WP_024954916.1; Sli, Sulfurovum  lithotrophicum, 
WP_046550169.1; Family 1 (UNG): Hsa, H. sapiens, NP_003353; Eco, E. coli, 
NP_289138; HSV, Herpes Simplex Virus 1, P10186.1. Dra, Deinococcus radiodurans 
R1, NP_294412; Family 2 (MUG/TDG): Eco, E. coli, P0A9H1; Family 3 (SMUG1): 
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Gme, G. metallireducens GS-15, YP_383069; Family 4 (UDGa): Tth, Thermus 
thermophilus HB27, YP_004341.1; Family 5 (UDGb): Tth, T. thermophilus HB8, 
YP_144415.1; Family 6 (HDG): Methanosarcina barkeri str. Fusaro, YP_304295. B. 
Sequence of uracil, hypoxanthine, xanthine-containing DNA substrates. C. Chemical 
structures of uracil, hypoxanthine and xanthine. D. DNA glycosylase activity of WT Nsa 
UNG on U-, X-, I-containing substrates. Cleavage reactions were performed as described 
in Material and Methods with 100 nM WT Nsa UNG and 10 nM substrate and incubated 
for 1 hour. Data are the averages of three independent experiments. E. Effect of salt to the 
activity of Nsa UNG.  The UDG activity assays were performed with 5 uM NsaUNG and 
0.5 uM G/U substrate in presence of different concentration of KCl, samples were 
quenched at 0.2 s. F. Time course analysis of DNA glycosylase activity of WT Nsa UNG 
on U-containing DNA substrates. (●) A/U, (■) T/U, (▲) G/U, (▼) C/U, (♦) single-
stranded U. The assay was performed as described in Experimental Procedures under 
DNA glycosylase activity assay. G. Short time course analysis of DNA glycosylase 
activity of WT Nsa UNG on double-stranded U-containing DNA substrates. (●) A/U, (■) 
T/U, (▲) G/U, (▼) C/U. The assay was performed as described in Experimental 
Procedures under DNA glycosylase activity assay and the reactions were quenched at 
specific time points as indicated.  
 Even though Nsa UNG contains three catalytically important motifs, the 
sequences within the motifs show some distinct differences between Nsa UNG and E. 
coli UNG. Moreover, in comparison with E. coli, human and herpes simplex virus-1 
(HSV-1) UNGs, Nsa UNG possesses insertions (region B and region C) and deletions 
(region E) in several regions outside of the catalytic motifs (Fig. 3.2A). To understand the 
structural differences between Nsa UNG and other previously studied UNG enzymes, we 
solved crystal structures of the WT enzyme (PDB 5X3G) and the Y81G mutant (PDB 
5X3H). Initial attempts to solve the enzyme structure using molecular replacement were 
not successful. Therefore, the single-wavelength anomalous dispersion (SAD) method 
was employed to solve the WT structure, using selenomethionine as the anomalous 
scatterer. The finished model of the wild type enzyme contains 249 residues (T7-R255). 
The space group belongs to the P21212 space group and the SeMet crystal diffracted to a 
high resolution of 2.02 Å with 99.4% completeness (Table 3.1). The final model also 
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contains 111 water molecules. All the residues are in good geometry with no residues 
falling in the Ramachandran outlier region. The wild type Nsa UNG structure showed a 
central parallel four-strand β-sheet surrounded by α-helices on each side (Fig. 3.2B, C 
and D).  
A DALI search revealed several homologs that shared structural similarity with Nsa 
UNG, and the top three homologs are HSV-1 uracil DNA glycosylase in complex with an 
inhibitor protein P56 (PDB 4L5N), uracil DNA glycosylase from cod in complex with the 
proteinaceous inhibitor Ugi (PDB 4LYL), and uracil DNA glycosylase from herpes 
simplex virus 1 in the apo form (PDB 1LAU). The RMSD is 2.45 Å over 188 Cα atoms 
between Nsa UNG and the closest structural homolog HSV-1 UNG. Although the general 
fold of the enzymes is well preserved, quite a few regions in Nsa UNG display relatively 
large structural variations. In region A, the deletion of four amino acids resulted in a 
shorter α-helix in Nsa UNG (Fig. 3.2A and E). In region B, the 12-residue insertion 
encompassing R98-A113 formed a longer loop and an extra helix (α4) (Fig. 3.2A and E). 
In region C, the 18-residue insertion covering G128-S150 formed a long loop with the 
extra α6 helix in the middle (Fig. 3.2A and E). Also, in motif 2, the Nsa UNG has a 
longer helix but shorter loop compared to human UNG (Region D). On the other hand, 
the C-terminus of Nsa UNG (Region E) is much shorter, as compared to the loops formed 
in other UDGs. Additionally, the axes of several helices of Nsa UNG (α2, α3, α8 and 
α10) point to different directions other than the consensus directions displayed by its 
homologs. These local structural variations together contribute to the relative large 
RMSD value and explained the failure to obtain the solution by molecular replacement.  
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 The structural and sequence alignments clearly indicate distinct differences 
between Nsa UNG and conventional family 1 UNG. To understand how these differences 
impact the glycosylase function, we conducted a series of mutational and enzyme kinetics 
analyses. We initially deleted the extra region B and region C separately to test the effect 
on glycosylase activity. Neither deletion B (del101-112) nor deletion C (del130-147) 
showed any glycosylase activity. These results suggest that although region B and region 
C are not found in conventional family 1, they are essential for Nsa UNG’s enzymatic 
function. The extra secondary structures in regions B and C may be needed for the 
integrity of Nsa UNG’s structure. To examine this possibility, we took a closer look at 
regions B and C. Spatially, these two regions are next to each other (Fig. 3.2E). 
Interestingly, the side chain of R96 in region B forms a 2.0-Å salt bridge with E109 of 
4; the side chain of Q137 in region C forms a 2.9-Å hydrogen bond with the main chain 
of L106; and the side chain of F101 in region B stacks onto the side chain of K145 in 
region C (Fig. 3.2F). These inter-regions interactions may stabilize the Nsa UNG’s 
structure. 
 The catalytic mechanism in family 1 UNG is extensively investigated through 
biochemical, structural and chemical studies [25]. The general theme is that a uracil base 
is contacted by the main chain of the Gln residue in motif 1 (Q in GQDP, Q78 in Nsa 
UNG), the side chain of the first His residue in motif 2 (H230 in Nsa UNG) and the side 
chain of the first Asn in motif 3 (N168 in Nsa UNG), in which the His residue serves as a 
general acid to promote the departure of the uracilate anion leaving group to form an 
oxocarbenium intermediate in a SN1 mechanism. The Asp residue in motif 1 (D in 
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GQDP, D79 in Nsa UNG) acts as a general base to activate a water molecule for the 
hydrolysis of the N-glycosidic bond. These four amino acid residues are conserved in Nsa 
UNG and spatially are located in the similar orientation towards uracil (Fig. 3.2D). We 
measured kinetic constants of Q78E, D79G, N168A and H230A using G/U substrate. 
Because the catalytic activity in some of the mutants was much reduced, which did not 
allow determination of kinetics using conventional steady-state approach, we determined 
Km and k2 values using the methods as previously described (Table 3.2 and Fig. 3.3) [41, 
47, 48]. In some cases, the individual Km or k2 values of the mutants could not be 
determined due to a very high Km that did not allow for saturation of the substrate (a 
straight line in Fig. 3.3B). Q78E did not retain any glycosylase activity (Table 3.2). 
D79G had a relatively small effect on Km but the k2 value was reduced by over seventeen-
hundred fold, resulting in a seventy-five-hundred-fold difference in k2/Km (Table 3.2). On 
the other hand, N168, which interacts with N3 and O4 of uracil, lost substantial binding 
affinity to the substrate by an alanine substitution (N168A), resulting in a k2/ Km that was 
a million-fold lower than the wild type enzyme (Table 3.2). H230A mutation increased 
the Km value by thirty-two-fold and reduced the k2 value by close to six-thousand-fold 
(Table 3.2). This is consistent with the catalytic role played by these residues in family 1 
UNG enzymes.  
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Figure 3. 2 Sequence alignment and structural comparison of Nsa UNG and human 
UNG. Structural diagrams were constructed using PyMOL. A. Secondary structure-based 
sequence alignment of Nsa UNG and other family 1 UNG enzymes. Nsa UNG: Nsa, 
Nitratifractor. salsuginis, YP_004167197.1; Eco UNG: Eco, E. coli, NP_289138; HSV 
UNG, Human Herpes Simplex Virus 1, P10186.1; Hsa UNG, Hsa, H. sapiens, 
NP_003353. The alignment was constructed using ESPript 3.0 [56]. B. Overall structure 
of Nsa UNG shown in cartoon mode. C. Secondary structures of Nsa UNG. Helices are 
shown as blue column and beta strands are shown in red arrow. D. Active site of Nsa 
UNG. Nsa UNG structure is shown in cartoon mode and catalytic residues (Tyr 81, Asp 
79, Gln 78, Asn168 and His230) are shown in licorice. E. Superimposition of Nsa UNG 
(in green) with human UNG (PDB: 1EMH, in red). The secondary structural differences 
are boxed in red, corresponding to structure-based sequence alignment shown in Fig. 3. 
2A. F. Close-up view of interactions between Region B (in cyan) and Region C (in 
purple) in Nsa UNG. Residues involved in interactions are boxed in red.  
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Figure 3. 3 Representative Kinetic analysis of Nsa UNG-WT, Nsa UNG-D94A and 
hUNG. See Experimental Procedures under enzyme kinetic analysis for details. A. Nsa. 
UNG-WT. B. Nsa UNG-D94A. C. hUNG-WT. The assay for hUNG was performed 
similar to Nsa UNG except that the KCl concentration was 30 mM. 
 
Table 3. 2. Kinetic constants of Nsa UNG on G/U substratea  
Enzymes 
Km k2 k2/Km 
(nM) (min-1) (min-1 nM-1) 
wild type 27 ± 2.9 1300 ± 120  48 
Q78E N. A.b N. A. N. A. 
D79G 118 ± 15 0.76 ± 0.05 6.4 x 10-3 
Y81G N.A. N.A. N.A. 
R83G N.D.c N.D. 4.0 x 10-5 
P82H 320 ± 45 4.3 ± 0.23 1.3 x 10-2 
S86A 101 ± 8.8 3.5 ± 0.07 3.4 x 10-2 
D94A N. D. N.D. 1.2 x 10-3 
N168A N. D. N.D. 4.0 x 10-5 
H230A 852 ± 106 0.22 ± 0.03 2.5 x 10-4 
a: The reactions were performed as described in Experimental 
Procedures under enzyme kinetic analysis. Data are showed as 
average ± SD from three independent experiments. . 
b: No activity detected under the assay conditions. 
c: Not determined. Individual Km and k2 values were not 
determined due to a relative large Km. 
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In addition to the four invariant catalytic residues, motif 1 in Nsa UNG also 
contains several other conserved residues (Fig. 3.1A). Given the role of motif 1 in 
protein-DNA interactions, we generated a model of Nsa UNG-DNA by superimposing 
apo Nsa UNG onto DNA-bound hUNG (PDB 1EMH) (Fig. 3.4). For comparison, the 
complex structure of hUNG is shown in Fig. 3.4B and the superimposition of the two is 
shown in Fig. 3.4C. A close examination of the protein-DNA interface revealed that the 
side chain of R83 was located in close proximity to the DNA phosphate backbone, 
allowing a direct interaction with the phosphate 5’ to the deoxyuridine (Fig. 3.4A and D). 
More interestingly, the side chain of R83 also formed a salt bridge with the invariant D94 
(Fig. 3.4D). The side chain of D94, in turn, was stabilized by a hydrogen bond with the 
side chain of S86 (Fig. 3.4D). In comparison, the corresponding positions in hUNG are 
occupied by G149, S159 and Q152, respectively (Fig. 3.4B). The lack of a functional side 
chain in G149 does not allow any interaction with the DNA backbone. Accordingly, we 
tested the mutational effects of P82H, R83G, D94A and S86A on the glycosylase 
activity. P82 is conserved in this group of UNG enzymes (Fig. 3.1A), Substitution of P82 
with histidine, the residue commonly found in conventional family 1 UNGs, caused more 
than 10-fold increase in Km and close to 300-fold reduction in k2 (Table 3.2). Evidently, 
both R83G and D94A affected the Km substantially (Table 3.2). S86A lowered the 
binding affinity by less than 4-fold as judged by Km values, which is consistent with its 
supporting role to the salt bridge. While S86A and D94A reduced the k2/Km value by 
three and four orders of magnitude, respectively, R83G decreased it by six orders of 
magnitude (Table 3.2). This is consistent with the role of R83, which directly interact 
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with the backbone. Both the sequence and structural comparisons suggest that the salt 
bridge network is a unique feature of Nsa UNG enzyme. The extra positive charge and 
the R83-mediated salt bridge are consistent with a Km of 27 nM in Nsa UNG as compared 
with a Km of 169 nM in hUNG (Table 3.2 and Fig. 3.3). To better understand the role of 
the networked interactions on R83-mediated DNA backbone interactions, we performed 
molecular dynamics simulations of the S86A and D94A mutants along with the Nsa 
UNG-WT (Fig. 3.4E, F and G). Consistent with the kinetic analysis, the R83-DNA 
interaction had the highest probability at 2.7 Å for the S86A mutant as compared with the 
highest probability at 2.6 Å for the wild type enzyme (Fig. 3.4E and F). However, the 
R83-DNA interaction had the widest distribution with an average distance of 4.2 Å for 
the D94A mutant, resulting in a dramatic change in binding affinity and catalytic activity 
(Fig. 3.4E and G). We also performed molecular dynamics simulations of the P82H to 
understand its effect on the salt bridge. Once P82 is substituted by His residue, R83 is no 
longer consistently kept in close proximity to the phosphate backbone (Figs. 3.4H, I, J), 
which results in three orders of magnitude reduction in k2/Km value (Table 3.2). These 
data indicate an evolution of an elaborate salt bridge network. 
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Figure 3. 4 Comparison of protein-DNA interactions between Nsa UNG and human 
UNG. A. The interactions between Nsa UNG-R83 and modeled uracil-containing DNA 
(DNA model was taken from PDB 1EMH). B. The interactions between human UNG and 
Uracil-containing DNA (PDB 1EMH). C. Superimposition of the interactions between 
modeled Nsa UNG-DNA complex and human UNG-DNA complex. D. Close-up view of 
the networked salt-bridge in Nsa UNG that involves in DNA phosphate backbone 
interaction. The network of side chain interactions among R83, S86 and D94 are shown 
in licorice. Probability distribution of distance between R83 and DNA backbone in Nsa 
UNG-WT (E), Nsa UNG-S86A (F). Nsa UNG-D94A (G).  Consequence changes of the 
interaction between R83 and DNA backbone in Nsa UNG-WT and Nsa UNG-P82H (H, 
I). J. Probability distribution of distance between R83 and DNA backbone in Nsa UNG-
P82H 
 Family 1 UNG differs from other families in having a Tyr residue in GQDPY of 
motif 1 (Fig. 3.1A). Other families contain a Gly residue in this position. We changed 
Y81 to Gly and found Y81G was catalytically inactive against uracil-containing substrate 
or thymine in a G/T base pair. This result suggests that even though a Gly residue exists 
in other families, it was not compatible with family 1 UNG enzymes. To understand the 
structural impact of Y81G that may influence its enzymatic function, we solved the 
crystal structure of apo-Y81G protein, by molecular replacement using the WT structure 
as the search probe (Fig. 3.5A). The Y81G protein was solved at a lower resolution, but 
the structure is essentially the same (Fig. 3.5B). However, its space group changes to P21 
with two molecules present in the asymmetric unit, although the crystals were grown 
under an identical condition. The RMSD between WT and Y81G is 0.3-0.4 Å over 246 
aligned Cα atoms. Therefore except for slight rearrangements for a couple of 310 helices 
(η3 and η6), the Y81G point mutation causes very few structural changes. We have 
encountered a similar scenario during our structural characterization on Phe SMUG2. 
When we introduced the G65Y mutation, the resulting structure of the mutant is highly 
similar to that of the WT enzyme [57].  
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The overall structure of Nsa UNG-Y81G is shown in Fig. 3.5A and the 
superimposition with the Nsa UNG-WT is shown in Fig. 3.5B, highlighting the 
difference in Y81 and Y81G. Overall, the two structures deviate little in the backbone 
arrangement. We then closely compared the subtle differences between the two 
structures. The first notable difference is that the Y81 forms a hydrogen bond with the 
main chain of F92, whereas the Y81G loses this interaction (Fig. 3.5C). The second 
difference is that the side chain of R83 in Nsa UNG-Y81G is invisible, suggesting that it 
does not form a stable salt bridge with D94 (Fig. 3.5C). The final difference is that the 
E109, which forms a salt bridge with R96 in Nsa UNG-WT, is oriented differently in Nsa 
UNG-Y81G. As a result, the salt bridge is disrupted, which may affect protein-DNA 
interaction or structural stability (Fig. 3.5C). These subtle changes associated with Y81G 
substitutions may lead to the loss of glycosylase activity. Because a Tyr in this position is 
unique to family 1 UNG enzymes, we subsequently examined the likely hydrogen 
bonding between the Tyr and the adjacent, highly conserved Phe residue. Indeed, human, 
E. coli and HSV UNG all contain a hydrogen bond (Fig. 3.6). The existence of the Tyr 
residue defines the narrow base recognition pocket, in which the access of thymine with a 
C5-methyl group is blocked by the bulky Tyr side chain. In human UNG, Y147A 
mutation causes over one-thousand-fold reduction in UDG activity but gains a low level 
activity on removal of a thymine base [58]. The hydrogen bond between the side chain of 
Y147 and the main chain of F158 may provide a strong interaction to enforce the rigidity 
of the base recognition pocket. In the case of Nsa UNG, the effect of Y81G is profound 
as the mutation causes loss of multiple interactions. 
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Figure 3. 5 Structure of Nsa UNG-Y81G and its comparison with Nsa UNG-WT. A. 
The overall structure of Nsa UNG-Y81G. B. Superimposition of Nsa UNG-Y81G with 
Nsa UNG-WT. C. Close-up view of the local structural differences between Nsa UNG-
Y81G and Nsa UNG-WT. The differences shown in red box are highlighted in licorice.  
 
Figure 3. 6. Interaction of Tyr residue with Phe residue in family 1 UNG enzymes. 
A. Human UNG (PDB 1UGH). B. E. coli UNG (PDB 1LQG). C. HSV UNG (PDB 
1UDI). Protein structures are shown as cartoon, Tyr and Phe residues are shown as 
licorice.  
As mentioned above, Ugi exclusively inhibits the glycosylase activity of family 1 
UNG enzymes. Given the structural differences observed in Nsa UNG protein, we set out 
to test the potential inhibition by Ugi. To our surprise, Nsa UNG was not inhibited by 
incorporation of Ugi in the glycosylase assay in a 1:1 ratio, while hUNG was inhibited 
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completely (Fig. 3.7A). We then increased the Ugi concentration up to 1:1000 ratio but 
still did not observe any indication of inhibition (Fig. 3.7A). To further confirm the lack 
of interactions between Nsa UNG and Ugi, we performed gel mobility analysis under 
non-denaturing conditions. As expected, hUNG was converted hUNG-Ugi complex 
while there was no indication that Nsa UNG formed a complex with Ugi (Fig. 3.7B).  
The potential structural explanation for complete lack of Ugi inhibition will be discussed 
later. 
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Figure 3. 7 Ugi inhibition and binding analysis. A. The reactions were performed as 
described under DNA golycosylase assay in Experimental Procedures with addition of 
indicated amount of Ugi protein. The concentrations of Nsa UNG versus Ugi are shown 
in molar ratio. B.  Gel mobility shift analysis of binding between Ugi and hUNG/Nsa 
UNG[59]. After incubation of enzyme with/without Ugi, reaction products were 
separated on 15% native PAGE gel (pH 8.8). Lane 1: human UNG (0.1 nmol); Lane 2: 
Ugi (1 nmol); lane 3: human UNG: Ugi = 1:10; Lane 4: Nsa UNG (0.1 nmol); Lane 5: 
Ugi (1 nmol); lane 6: Nsa UNG: Ugi = 1:10.  
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V. Discussion 
Uracil DNA glycosylase is ubiquitous in nature with homologs distributed in all 
three domains of life, bacteria, archaea and eukaryotes. UDG superfamily contains six 
families with different specificity and catalytic mechanisms. Family 1 UNG enzymes 
found in bacteria and eukaryotes are the most extensively studied. The readily available 
information from sequenced genomes provides a rich source to investigate the diversity 
of the UDG universe. Nsa UNG occupies a unique niche in UDG superfamily, even 
though the distribution of this type of family 1 UNG appears to be limited. Among the 
sequenced genomes available so far, we only found three Nsa UNG homologs in 
Sulfurovum sp. NBC37-1, Sulfurospirillum arcachonense, Sulfurovum lithotrophicum 
isolated from a deep-sea hydrothermal vent chimney in the Mid-Okinawa Trough in 
Japan. Nitratifractor, Sulfurovum and Sulfurospirillum are closely related as they all 
belong to Class of epsilonproteobacteria. Among the four homologs, Nsa UNG shares 48-
60% sequence identity with the other three homologs. Additionally, all four homologs 
contain the insertions seen in regions B and C, suggesting that they share high degrees of 
global sequence and structural conservation that differentiate them from conventional 
family 1 UNG enzymes.  
 Besides the global structural differences revealed by sequence and structural 
comparison, Nsa UNG presents two special biochemical features that distinguishes it 
from conventional family 1 UNG. R83 provides a novel ionic interaction with the 
phosphate of the uridine. The break of the phosphate backbone interaction reduces the 
k2/Km by six orders of magnitude, on par with the well-known catalytic H230 in motif 2 
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(Table 3.2). These results underscore the critical role that the nonspecific interaction 
plays in maintaining Nsa UNG’s glycosylase activity. Nature appears to have evolved an 
elegant network of interactions to support this important backbone interaction by having 
R83 sandwiched by two rigidifying Pro residues and stabilized by a salt bridge with the 
negatively charged D94, and by forming a strong hydrogen bond between S86 and D94 
(Fig. 3.4). The evolution of the networked salt bridge may be related to N. salsuginis’ 
adaption to its deep-sea living environment. It is well known that salt can weaken 
protein-DNA interactions. It is also known that ionic interactions help stabilize halophilic 
proteins [60]. The networked salt bridge seen in Nsa UNG may be needed to stabilize its 
structure and facilitate its interaction with DNA.  
The second unique feature of Nsa UNG is its complete lack of inhibition by Ugi. 
To understand the possible structural differences accounted for the effect on Ugi 
inhibition, we compared the Ugi interaction interfaces of Nsa UNG and hUNG (Fig. 
3.8A, B and C). Notably, in the region highlighted in a yellow box, the extended loop in 
Nsa UNG may collide with the Ugi, while the shorter loop in hUNG ensures surface 
complementarity (Fig. 3.8A, B and C). On the other hand, in the region highlighted in a 
red box, that hUNG has a relatively longer loop protruding into the concave surface of 
Ugi while the shorter loop in Nsa UNG may prevent its proper interactions with Ugi (Fig. 
3. 8A, B, D, E and F). As a consequence, Ugi fails to inhibit Nsa UNG as it does for 
conventional family 1 UNG enzymes. To further explain the lack of Ugi inhibition, 
molecular dynamic simulations was performed and the free binding energy between Nsa 
UNG/hUNG and Ugi was calculated using the MM/PBSA method [61]. The results 
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showed the binding free energy (4.13 kcal/mol) between Nsa UNG and Ugi is much 
larger than that (-54.91 ± 1.98 kcal/mol) between hUNG and Ugi that might explain why 
Nsa UNG fails to interact with Ugi. 
 
Figure 3. 8 Potential interactions between Nsa UNG and Ugi and its comparison 
with human UNG. A. Superimposition between Nsa UNG and hUNG. B. 
Superimposition between Nsa UNG and human UNG in the presence of Ugi (Ugi was 
taken from PDB 1UGH). C. Horizontal 90 degree rotated of B to more clearly show the 
clash between Nsa UNG and Ugi. The electrostatic potential was calculated by Delphi 
7.0 and visualized using UCSF Chimera. The positive potential region is colored in blue 
and the negative potential region is colored in red. The major differences of the Ugi 
interaction interface between Nsa UNG and hUNG are highlighted in yellow and red 
boxes. D. Modeled interactions between Nsa UNG and Ugi (Ugi was taken from PDB 
1UGH). E. Interactions between human UNG and Ugi (PDB 1EMH and 1UGH). F. 
Close-up view of the superimposition between Nsa UNG and human UNG in the 
presence of Ugi. 
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In summary, this study presents an unconventional family 1 UNG from N. salsuginis. 
Despite of the conservation of several key catalytic residues, Nsa UNG exhibits certain 
unique structural properties to interact with the DNA backbone. The evolution of a strong 
and well-positioned ionic interaction with the phosphate backbone is unseen in any other 
glycosylases in the UDG superfamily. More functional adaptation may be seen as we 
continue to explore the sequence and structural space in UDG superfamily. 
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CHAPTER FOUR 
A URACIL DNA GLYCOSYLASE FROM JANTHINOBACTERIUM 
AGARICIDAMNOSUM AS A POTENTIAL EVOLUTIONARY INTERMEDIATE 
I. Abstract 
Uracil DNA glycosylase (UDG) plays a critical role in DNA repair by cleavage of 
uracil from genomic DNA. So far, all the 6 UDG families share a similar α/β fold 
structure. Especially, family 1 UNG and family 4 UDGa have a similar topological 
structure and catalytic center, and both of them are exclusive UDG with no activity on 
other deaminated bases. In the present study, we characterized another exclusive UDG 
enzyme from Janthinobacterium agaricidamnosum (Jag UNG). Phylogenetic study 
showed that, like the recently reported Nsa UNG, Jag UNG belongs to a subgroup of 
family 1 UNG. Similarly with Nsa UNG, Jag UNG harbors a salt bridge network with 
uracil-containing DNA backbone. A single mutant A82E increases the enzyme efficiency 
by 200-fold by stabilizing the salt bridge. In addition, E76 and G77 in motif 1 of Jag 
UNG are functional correlated. Replacement the doublet E76G77 with Q76D77 increased 
the enzyme efficiency by 30-fold while any single mutant (E76Q or G77D) reduce or 
inactivate the enzyme. In motif 2, L245 locates near the interface between protein and 
DNA, a substitution with the positively charged His increase the enzyme efficiency by 
changing the electrostatic potential of the binding surface. Meanwhile, Jag UNG can’t be 
inhibited by the UDG inhibitor (Ugi) as the intruding loop in motif 2 is too short. By this 
work, we have a better understanding about the catalytic and evolutionary mechanisms of 
UDG enzymes. 
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II. Introduction 
Uracil frequently appears in DNA either by cytosine deamination or uracil mis-
incorporation. The presence of uracil may result in the C to T transition mutation as uracil 
tends to pair with adenine. Uracil DNA glycosylase (UDG) is one of the essential DNA 
repair enzymes that recognize and excise uracil from DNA. To date, 6 different UDG 
families have been comprehensively investigated. Each family exhibits different substrate 
specificity and enzyme efficiency. Overall, all the enzymes in the UDG superfamily are 
active to uracil except the enzymes in family 6 which act as hypoxanthine DNA 
glycosylase (HDG) [1-12].  
Structurally, all of UDG enzymes shared a similar α/β fold sandwich architecture 
(A few β-sheets located in the center and several α-helixes around) [10-15]. 
Evolutionarily speaking, all UDG enzymes come from a common ancestor. Especially, 
family 1 UNG and family 4 UDGa have a similar overall topological structure and 
catalytic center, therefore, both of them are robust but exclusive UDG. However, the 
enzyme efficiency of family 1 UNG and family 4 UDGa are significantly different as the 
slight difference in their catalytic site. Another distinct difference between them is related 
to the effect of uracil glycosylase inhibitor (Ugi) that is able to specifically and tightly 
bind to the DNA binding site of family 1 UNG [16, 17]. However, Ugi has no effect to 
family 4 UDGa. Given such high similarity but distinct features of family 1 UNG and 
family 4 UDGa, they are believed to be evolutionary related and it is interesting to study 
the evolutionary process between them.  
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Previously, based on the phylogenetic analysis and phyletic distribution of UDG 
superfamily, family 4 UDGa was proposed as the common ancestor of other UDG 
families and family 1 UNG is evolved from family 4 UDGa by acquiring different 
catalytic residues [18]. Recently, we characterized an untraditional family 1 UNG from 
Nitratifractor salsuginis (Nsa UNG) (Chapter 3). Representing a new group of family 1 
UNG, Nsa UNG acquired the catalytic residues of family 1 UNG, but did not evolve a 
proper interface for Ugi binding. Only distributed in the genus of Nitratifractor and 
Sulfurovum, Nsa UNG-like enzymes probably are evolutionary intermediates from family 
4 UDGa and family 1 UNG.  
In present study, through a large scale of database searching, we found another 
group of evolutionary intermediates between family 1 UNG and family 4 UDGa from 
Oxalobacteraceae family, represented by the enzyme from Janthinobacterium 
agaricidamnosum (Jag UNG). Through phylogenetic, enzymatic and structural studies of 
Jag UNG, and comparison with the Nsa UNG, family 1 UNG and family 4 UDGa, we 
partly explain the evolutionary mechanisms from family 4 UDGa to family 1 UNG.  
III. Materials and Methods 
Reagents, media, and strains 
All routine chemical reagents were purchased from Fisher Scientific (Suwanee, 
GA) or VWR (Suwanee, GA). Restriction enzymes, Phusion DNA polymerase, and T4 
DNA ligase were purchased from New England Biolabs (Beverly, MA). dNTPs were 
purchased from Promega (Madison, WI). Gel DNA recovery Kit was purchased from 
Generay (Shanghai, China). Oligodeoxyribonucleotides were ordered from Eurofins 
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Genomics (Huntsville, AL). The LB medium was prepared according to standard recipes. 
Hi-Di™ Formamide and GeneScan 500 LI Size Standard were purchased from Applied 
Biosystems®.  
Cloning, site-directed mutagenesis, Expression and Purification of Jag UNG 
The Jag UNG gene from Janthinobacterium agaricidamnosum (GenBank 
accession number: CDG83998.1) was amplified by PCR using the forward primer Jag 
UNG F (5’- GGGAATTCC ATATGTCGACTTCCCCGCAT-3’; the NdeI site is 
underlined) and the reverse primer Jag UNG R (5’- 
CCCAAGCTTAACCTGCAACAAATGCAT-3’; the HindIII site is underlined).The PCR 
reaction mixture (50 μl) consisted of 20 ng Janthinobacterium agaricidamnosum 
genomic DNA, 500 nM forward and reverse primers, 1 x Phusion DNA polymerase 
buffer, 200 μM each dNTP and 0.2 unit of Phusion DNA polymerase (New England 
Biolabs). The PCR procedure included a predenaturation step at 98°C for 30 s; 30 cycles 
of three-step amplification with each cycle consisting of denaturation at 98°C for 15 s, 
annealing at 65°C for 20 s, and extension at 72°C for 30 s; and a final extension step at 
72°C for 3 min. The PCR product was purified by gel DNA recovery kit (Generay). The 
purified PCR product and plasmid pET21a were digested by NdeI and HindIII, purified 
by gel DNA recovery kit, and ligated according to the manufacturer’s instructional 
manual. The ligation mixture was transformed into E. coli strain HB101 competent cells 
by electroporation. The sequence of the Jag UNG gene in the resulting plasmid (pET21a-
Jag UNG) was confirmed by DNA sequencing. The resulting plasmid with wild-type Jag 
UNG was used as the template plasmid for all other Jag UNG mutants. Amplification of 
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the mutant DNA and DpnI mediated site-directed mutagenesis procedures were modified 
as previously described by using primers carrying the desired mutations [19]. Briefly, 
PCR mixtures (25 μl) contained 10 ng of pET-21a (+)-Jag UNG as a template, 65 nM of 
each primer pair, 200 μM each dNTP, 1 x Phusion PCR polymerase buffer, and 1 unit of 
Phusion DNA polymerase.  The PCR procedure included a pre-denaturation step at 98°C 
for 2 min; 25 cycles of three-step amplification with each cycle consisting of denaturation 
at 98°C for 30 s, annealing at 55°C for 30 s and extension at 68°C for 5 min; and a final 
extension step at 68°C for 10 min. After treatment with 2 units of DpnI for 1 h at 37°C, 5-
μl PCR products were transformed into E. coli DH5α competent cells. Successful 
insertion and mutation in the resultant clones were confirmed by DNA sequencing. The 
pET21a-Jag UNG WT and mutants were transformed into E. coli strain BH214 (ung-, 
mug-) by the standard protocol to express the C-terminal His-6-tagged Jag UNG protein. 
Induction, sonication and purification were carried out as previously described [10].  
Cloning, Site-directed mutagenesis, Expression and Purification of Nsa UNG 
Cloning, site-directed mutagenesis, Expression and Purification of Nsa UNG were 
carried out as previously described in Chapter 3.  
Oligodeoxynucleotide Substrates  
Oligodeoxynucleotides containing deoxyuridine(U), deoxyinosine (I) and 
deoxyxanthosine (X) were obtained or constructed as previously described [7].  
DNA Glycosylase Activity Assay  
DNA glycosylase cleavage assays for JagUDG were performed at optimized 
temperature 37°C for 60 min in a 10 μl reaction mixture containing 10 nM 
127 
 
oligonucleotide substrate, 100 nM Jag UNG, 20 mM Tris-HCl buffer (pH 7.5), 1mM 
DTT, and 1 mM EDTA. The resulting abasic sites were cleaved by incubation at 95°C for 
5 min after adding 1 μl of 1N NaOH. The reaction mixtures (2 μl) were mixed with 7.8 μl 
Hi-D formamide and 0.2 μl GeneScan 500 LI Size Standard and analyzed by Applied 
Biosystems 3130xl sequencer with a fragment analysis module. Cleavage products and 
remaining substrates were quantified by GeneMapper software.  
Enzyme kinetic analysis 
 Uracil DNA glycosylase assays were performed at optimized condition with 10 
nM G/U substrates with enzyme in excess ranging from 50 nM to 2000 nM. Samples 
were collected at 1 min, 2.5 min, 5 min, 10 min, 15 min, 25 min, 30 min, 40 min and 60 
min. The apparent rate constants for each concentration were determined by curve fitting 
using the integrated first-order rate equation (1): 
𝑃 = 𝑃௠௔௫(1 − 𝑒ି௞೚್ೞ௧)        (1) 
Where P is the product yield, Pmax is the maximal yield, t is time and kobs is the apparent 
rate constant. 
 The kinetic parameters k2 and Km were obtained from plots of kobs against the total 
enzyme concentration ([E0]) using a standard hyperbolic kinetic expression with the 
program GraphPad 4.1 following the equation (2)[20]  
𝑘௢௕௦ =  
௞మ  [ாబ]
௄೘ା  [ாబ]
        (2) 
 For some mutants with a large Km in which Km >> [E0], the kinetic parameter 
k2/Km values were obtained from plots of kobs against total enzyme concentration ([E0]) 
using a linear regression with program GraphPad 4.1 following the equation (3)[21]. 
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𝑘௢௕௦ =
௞మ  [ாబ]
௄೘
          (3) 
Molecular modeling  
The structure of Jag UNG was predicted by SWISS-Model with Nsa UNG 
structure (PDB 5X3G) as a template [22]. The final predicted structure was refined by 
Princeton_TIGRESS (server) [23]. The structures of Jag UNG mutants (A82E, E76Q, 
G77D, L244H, E76Q/G77D/L244H) were constructed and minimized  by UCSF Chimera 
1.10.2 [24].   
Molecular dynamics simulations  
After building the initial complex structures, an explicit solvent system using the 
TIP3P water model was constructed in the VMD 1.9.2 using a suitably sized box. The 
minimum distance between any of the atoms of the solvated Jag UNG-DNA complex and 
the box boundary was maintained to at least 9 Å. Potassium chloride ions were added to 
the system to achieve an electrically neutral system. The CHARMM 27 all hydrogen 
force field for proteins 3 and nucleic acids 4 were used. Particle-mesh Ewald summation 
5 was applied in the periodic boundaries condition for the efficient calculation of long-
range electrostatic interactions. Energy minimization was performed by using 8000 steps 
to remove any unfavorable van der Waals clashes while minimally perturbing the original 
modeled structure. Using a Langevin barostat 6, an isothermal-isobaric ensemble (NPT) 
was constructed in NAMD program 7 and the system was heated gradually from 100 K to 
310 K over a period of 400 ps. An integration time step of 2 fs was used in order to avoid 
any significant structural deformation during heating, equilibration and production runs. 
Calculated RMSD demonstrated that the trajectories have stabilized in 5 ns for each 
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simulation (data not shown). Thus a total of 5 ns equilibration followed by 100 ns 
production simulation were performed for each structural analysis. VMD 1.9.2 was used 
for visualization and further analysis. RMSF calculations were performed for Cα atoms 
of Jag UNG. A hydrogen bond was considered to be formed when the distance between 
the donor and acceptor is less than 3.0 Å and also the angle between the donor hydrogen 
and acceptor is less than 20 degrees. 
IV. Results 
Phylogenetic analysis of Jag UNG 
A BLAST analysis showed that Jag UNG has high degree of similarity to family 1 
UNG. However, according to the multiple sequence alignment of the functional motifs of 
Jag UNG and other UDG families, Jag UNG looks like a hybrid enzyme of family 1 
UNG and family 4 UDGa. In one way, Jag UNG contains the family 4 unique Glu and 
Gly (E76 and G77) doublet in motif 1. In another way, Jag UNG also contains the family 
1 unique Tyr (Y79) in motif 1 (Fig. 4.3A). Whole sequence alignment showed that Jag 
UNG shares 30.03%, 55.72% and 28.17% similarity ( 23.14%, 40.62% and 19.51% 
identity ) with family 1 Eco UNG, Nsa UNG and family 4 Tth UDGa, respectively (Fig. 
4.1). To illuminate the evolutionary status of Jag UNG, we did a phylogenetic analysis of 
UDG superfamily including Jag UNG and its homologs. The result showed that Jag UNG 
and its homologs have formed a distinct clade from conventional family 1 UNG (Fig.4.2). 
Together with Nsa UNG-like enzymes, they are another branch of family 1 UNG.  
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Figure 4. 1 Sequence alignment of Jag UNG and other family 1 UNG and family 4 
UDGa. Jag UNG: Jag, Janthinobacterium agaricidamnosum, CDG83998.1; Nsa UNG:  
Nsa, Nitratifractor. salsuginis, YP_004167197.1; Eco, E. coli, NP_289138; Hsa, H. 
sapiens, NP_003353; Tth, T. thermophilus HB27, YP_004341.1.  
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Figure 4. 2 Phylogenetic Analysis of Uracil DNA glycosylase superfamily. The 
phylogenetic analysis was performed using the neighbor-joining method in MEGA 6. 
GenBank accession numbers are shown after the species names. Family 1 (UDG): Eco, E. 
coli, NP_289138; Hin, Haemophilus influenzae KR494, YP_008544610.1; Mtu, 
Mycobacterium tuberculosis, WP_003908950.1; Hsa, H. sapiens, NP_003353. Family 2 
(MUG/TDG): Eco, E. coli, P0A9H1; Pan, Pantoea ananatis LMG 20103, ADD78558.1; 
Hsa, H. sapiens, NP_003202; Mmu, Mus musculus, XP_003945901.1. Family 3 
(SMUG1): Gme, G. metallireducens GS-15,YP_383069; Hsa, Homo sapiens, 
NP_055126; Mmu, Mus musculus, NP_082161; Dme, Drosophila melanogaster, 
NP_650609.1. Family 4 (UDGa): Tth, T. thermophilus HB27, YP_004341.1. ; Pae, P. 
aerophilum str. IM2, NP_558739.1; Gme, Geobacter metallireducens GS-15, 
YP_006721625.1; Mba, Methanosarcina barkeri str. Fusaro, YP_305330.1. Family 5 
(UDGb): Tth, T. thermophilus HB8, YP_144415.1; Pae, P. aerophilum str. IM2, 
NP_559226; Tvo, Thermoplasma volcanium GSS1, NP_111346.1; Mtu, M. tuberculosis 
H37Rv, P64785 (Rv1259). Family 6 (HDG): Bph, Burkholderia phymatum STM815, 
YP_001858334.1; Mba, Methanosarcina barkeri str. Fusaro,YP_304295.1; Rco, Ricinus 
communis, XP_002536323.1; Ehi, Entamoeba histolytica HM-1:IMSS, XP_655177.1. 
Jag UNG: Jag, Janthinobacterium agaricidamnosum, CDG83998.1;  Hhu, 
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Herbaspirillum huttiense, WP_039784854.1; Nsp, Noviherbaspirillum sp. Root189, 
WP_057292635.1; Mal, Massilia alkalitolerans, WP_027867664.1; Nsa UNG:  Nsa, 
Nitratifractor. salsuginis, YP_004167197.1; Ssp, Sulfurovum sp. AR, WP_008244665.1; 
Sar, Sulfurospirillum arcachonense, WP_024954916.1; Sli, Sulfurovum  lithotrophicum, 
WP_046550169.1. 
Enzyme properties of Jag UNG  
To investigate the DNA repair functions of Jag UNG, we examined the enzyme 
properties of JagUDG in vitro by testing their DNA glycosylase activity on uracil- (U), 
hypoxanthine- (Inosine, I) and xanthine- (X) containing DNA substrates (Fig. 4.3B and 
4.3C). The assay results indicated that Jag UNG can’t excise hypoxanthine or xanthine 
from DNA, instead, it only can recognize and cleave uracil from double-stranded DNA, 
in the order of G/U> A/U > C/U > T/U (Fig. 4.3D). Therefore, we concluded that just like 
family 1 UNG, Nsa UNG and family 4 UDGa, Jag UNG is an exclusive UDG. However, 
given the lower enzyme efficiency (k2/Km is only 3 ×10-4 min-1 nM-1), Jag UNG works 
much slower than family 1 UNG ( human UNG 34 min-1 nM-1 ), Nsa UNG (48 min-1 nM-
1) and family 4 UDGa ( Tth UDGa 1.4 ×10-2 min-1 nM-1) (Table 4.1) [25].  
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Figure 4. 3 Sequence alignment, substrate and UDG activity of Jag UNG.   A. 
Sequence alignment of Jag UNG and other UDG families; Jag UNG: Jag, 
Janthinobacterium agaricidamnosum, CDG83998.1;  Hhu, Herbaspirillum huttiense, 
WP_039784854.1; Oba, Oxalobacteraceae bacterium AB_14, WP_026334292.1; Mal, 
Massilia alkalitolerans, WP_027867664.1; Nsa UNG:  Nsa, Nitratifractor. salsuginis, 
YP_004167197.1; Ssp, Sulfurovum sp. AR, WP_008244665.1; Sar, Sulfurospirillum 
arcachonense, WP_024954916.1; Sli, Sulfurovum  lithotrophicum, WP_046550169.1; 
Family 1 (UNG): Hsa, H. sapiens, NP_003353; Eco, E. coli, NP_289138; HSV, Herpes 
Simplex Virus 1, P10186.1. Dra, Deinococcus radiodurans R1, NP_294412; Family 4 
(UDGa): Dra (DR 1751), D. radiodurans R1, NP_295474; Tth, Thermus thermophilus 
HB27, YP_004341.1; Pae, P. aerophilum str. IM2, NP_558739.1; Tma, Thermotoga 
maritima MSB8, NP_228321.1; Family 2 (MUG/TDG): Eco, E. coli, P0A9H1; Family 3 
(SMUG1): Gme, G. metallireducens GS-15, YP_383069; Family 5 (UDGb): Tth, T. 
thermophilus HB8, YP_144415.1; Family 6 (HDG): Mba, Methanosarcina barkeri str. 
Fusaro, YP_304295; B. Sequence of uracil, hypoxanthine, xanthine-containing DNA 
substrates;  C. Chemical structures of uracil, hypoxanthine and xanthine; D. DNA 
glycosylase activity of WT Jag UNG on U, I, X-containing DNA substrates. The assay 
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was performed as described in Experimental Procedures under DNA glycosylase activity 
assay.   
 
Table 4. 1 Kinetic constants of Jag UNG, NsaUNG, human UNG and TthUDGa on G/U 
substratea  
a: The reactions were performed as described in Experimental Procedures under enzyme    
kinetic analysis. Data are an average of three independent experiments.  
b:  Not determined. Individual Km and k2 values were not determined due to a relative large Km.  
c:  No activity. 
 
Primary sequence alignment showed that Jag UNG contains the same catalytic 
residues in the functional motifs (E76 and G77 in motif 1, H241 in motif 2 (Fig. 4.2A)) as 
Enzyme 
Km k2 k2/Km 
(nM) (min-1) (min-1 nM-1) 
Jag UNG-WT N.D.b N.D. 3 × 10-4 
Jag UNG-E76Q N.A.c N.A. N.A. 
Jag UNG-G77D N.D. N.D. 2 × 10-5 
Jag UNG-E76Q/G77D 528±100 4.78±0.32 9 × 10-3 
Jag UNG-E76Q/G77D/L245H 197±53 12±0.8 6 × 10-2 
Jag UNG-P80H N.A. N.A. N.A. 
Jag UNG-R81G N.A. N.A. N.A. 
Jag UNG-A82E 428±115 30±2.5 6 × 10-2 
Jag UNG-D92A N.A. N.A. N.A. 
Jag UNG-S84A N.D. N.D. 5 × 10-5 
Jag UNG-H241A N.D. N.D. N. D. 
Jag UNG-L245H N.D. N.D. 1.8 × 10-3 
Nsa UNG-WT 27 ± 2.9 1300 ± 120  48 
Nsa UNG-H234L 675 ± 119 0.44 ± 0.03 6.52 × 10-4 
human UNG-WT 169 ± 25 5820 ± 330 34 
Tth UDGa-WT 970 ± 240 13.8 ± 0.6 1.4 × 10-2 
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family 4 UDGa (E41, G42 and H155 in TthUDGa). Structurally, those residues are 
located with similar orientations in the catalytic center and may play a similar role in 
catalysis (Fig. 4.4).  Consistent with the studies in family 4 UDGa, mutagenesis of any of 
these residues in Jag UNG results in the loss of enzyme activity (Table 4.1).  Besides the 
similarity with family 4 UDGa, Jag UNG also has a similar salt bridge network with 
DNA as Nsa UNG. Arg 81 directly interacts with the phosphate 5’ to the deoxyuridine 
and the side chain of Arg 81 formed a salt bridge with the invariant Asp 92 and the side 
chain of Asp 92 was stabilized by hydrogen bonding with the side chain of Ser 84. P80 
has an important role in stabilizing the salt bridge. (Fig. 4.5). Any mutants (P80H, A81G, 
D92A, and S84A) which destroyed the salt bridge network, either completely inactivate 
the enzyme or significantly reduced the enzyme efficiency (Table 4.1).  
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Figure 4. 4 Comparison the catalytic center between Family 4 UDGa (TthUDGa) 
and Jag UNG.  A. Active site of Tth UDGa (PDB 1UI0). Tth UDGa structure is shown 
in cartoon mode and catalytic residues (E41, G42 and H155) are shown in licorice. B. 
Active site of Jag UNG. Jag UNG structure is shown in cartoon mode and catalytic 
residues (E76, G77 and H241) are shown in licorice. C. Close-up view of active site of 
Tth UDGa (PDB 1UI0). Tth UDGa structure is shown in cartoon mode and catalytic 
residues (E41, G42 and H155) are shown in licorice.  D. Close-up view of active site of 
Jag UNG. Jag UNG structure is shown in cartoon mode and catalytic residues (E76, G77 
and H241) are shown in licorice.  
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Figure 4. 5 Comparison of the salt bridge network in Nsa UNG and Jag UNG.  A. 
The interactions between Nsa UNG-R83 and modeled uracil-containing DNA (DNA 
model was taken from PDB 1EMH). B. The interactions between Jag UNG and Uracil-
containing DNA (PDB 1EMH). C. Close-up view of salt bridge network in Nsa UNG that 
involves in DNA phosphate backbone interaction. The network of side chain interactions 
among P82, R83, S86 and D94 are shown in licorice; D. Close-up view of the salt bridge 
network in Jag UNG that involves in DNA phosphate backbone interaction. The network 
of side chain interactions among P80, R81, S84 and D92 are shown in licorice. 
Replacement of EG with QD 
Previously, site-directed mutagenesis work, enzyme kinetics, molecular dynamics 
(MD) simulation and mutual information analysis proved the residues E and G in the 
motif 1 of family 4 UDGa as well as the residues Q and D in the motif 1 of family 1 
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UNG are functionally correlated, respectively [25]. In present study, a replacement of 
E76G77 with Q76D77 in Jag UNG results in a 30-fold  increase of the enzyme efficiency 
and significantly lower Km. Either the single mutation E76Q or G77D lost or reduce most 
UDG activity (Table 4.1). This result is consistent with the previous study and further 
confirmed their correlation [25]. MD simulation analysis demonstrated that the average 
number of hydrogen bond between the double mutant protein (Jag UNG-E76Q/G77D) 
and uracil-containing DNA increased to 5.6 which is significantly higher than that of WT 
(4.8), Jag UNG-E76Q (4.3) and Jag UNG-G77D (4.6) proteins (Table 4.2). This stronger 
hydrogen bond may explain the elevated enzyme efficiency and substrate binding affinity 
of Jag UNG-E76Q/G77D.   
Table 4. 2 Average number of Hydrogen Bond of wild 
type and mutant Jag UNG proteinsa. 
 
 
 
 
 
 
 
a: Avg Number of hydrogen bond between Jag UNG-
DNA was calculated using the Hbonds Plugin in 
VMD.  
A82E 
In family 4 UDGa enzymes, a highly conserved Glu (E47 in Tth UDGa), located 
in a short helix, is considered to play a similar role as the Tyr (Y in E. coli UNG) in 
Avg Number of Hydrogen 
Jag UNG Bond between Jag UNG-DNA 
WT 4.8 ± 0.1 
A82E 5.3 ± 0.1 
L245H 5.2 ± 0.1 
E76Q 4.3 ± 0.1 
G77D 4.6 ± 0.1 
E76Q/G77D 5.6 ± 0.1 
E76Q/G77D/L245H 6.2 ± 0.1 
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family 1 UNG. Both of these two residues block the C5 position of uracil base and make 
the enzyme binding pocket exclusive to uracil. Therefore, family 1 UNG and family 4 
UDGa are exclusive uracil DNA glycosylase and have no activity to thymine and other 
purine substrates [11, 26]. As a potential intermediate between family 4 UDGa and family 
1 UNG, Jag UNG has lost the Glu and evolved a Tyr 79 in motif 1. Another conserved 
Ala from a loop, replaces the Glu at the position 82 in motif 1 (Fig. 4.3A). Interestingly, 
if we mutated A82 to E and mimic Jag UNG as family 4 UDGa, the Km is significantly 
decreased and the enzyme efficiency of Jag UNG-A82E is 200-fold greater than that of 
Jag UNG-WT (Table 4.1). This result indicates that E82 has a crucial role in the substrate 
recognition and catalysis in Jag UNG.  
L245H 
In motif 2 of Jag UNG, a conserved Leu (L245) locates in an α-helx. However, 
Nsa UNG contains a conserved His (H234) in the corresponding site (Fig. 4.3A). 
Interestingly, a substitution of L245 with H in Jag UNG increased the enzyme efficiency 
by 5-fold. Consistently, the enzyme efficiency of the triple mutant Jag UNG-
E76Q/G77D/L245H is 7-fold greater than that of double mutant Jag UNG-E76Q/G77D. 
In addition, the replacement of H234 in Nsa UNG with L decreases the enzyme 
efficiency thousands-fold and increase the Km by 25 times (Table 4.2). All those results 
indicate that His plays a very important role in the catalysis and substrate recognition in 
both Nsa UNG and Jag UNG. 
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Ugi effects on Jag UNG 
A uracil DNA glycosylase assay in presence of Ugi indicated that, just like Nsa 
UNG, Jag UNG can’t be inhibited by the uracil DNA glycosylase inhibitor (Ugi) (Fig. 
4.6A). A native page gel binding assay showed that Ugi can’t bind to Jag UNG (Fig. 
4.6B). This suggested that Jag UNG has not evolved the specific interface for Ugi 
binding. 
 
Figure 4. 6 Ugi inhibition and binding analysis. A. The reactions were performed as 
described under DNA golycosylase assay in Material and Methods with addition of 
indicated amount of Ugi protein. The concentrations of Jag UNG versus Ugi are shown in 
molar ratio. B.  Image of 15% native PAGE gel analysis showing the binding of Ugi to 
hUNG and Jag UNG. Lane 1: human UNG (0.1 nmol); Lane 2: Ugi (1 nmol); lane 3: 
human UNG: Ugi = 1:10; Lane 4: Jag UNG (0.1 nmol); Lane 5: Ugi (1 nmol); lane 6: Jag 
UNG: Ugi = 1:10.   
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V. Discussion 
Evolution of Jag UNG  
Compared with the widely distributed family 1 UNG, the homologs of Jag UNG 
are only identified in Oxalobacteraceae family including the genus of Janthinobacterium, 
Pseudoduganella, Massilia, Duganella, Noviherbaspirillum, Herbaspirillum and 
Collimonas. Nsa UNG homologs are only found in the genus of Nitratifractor and 
Sulfurovum, both of which belong to the Epsilonproteobacteria family. Family 4 UDGa 
enzymes, existing in archaea, thermophilic bacteria and some bacteriophages, are wildly 
accepted as the common ancestor of other UDG families [18] . Interestingly, the 
organisms which contain the homologs of Jag UNG or Nsa UNG have a typical family 4 
UDGa in their genome. Therefore, it is possible that gene duplication plays an important 
role in the evolution of the enzymes like Jag UNG and Nsa UNG. Following the gene 
duplication, the original family 4 UDGa still keeps the robust uracil cleavage activity and 
the duplicated one evolved to be family 1 UNG enzymes by point mutations, deletions 
and insertions.  
 Enzyme properties of Jag UNG 
 The exclusive but lower UDG activity of Jag UNG is closely related with its 
structure. It already gained the family 1-uniqued Tyr 79 that sterically blocks the C5 
position of uracil that explained why Jag UNG only works on the uracil not hypoxanthine 
or xanthine. However, Jag UNG has not gain the catalytic residue Asp (D63 in E.coli 
UNG) in motif 1 of family 1, but has lost the catalytic residue Asn (N89 in TthUDGa) in 
142 
 
motif 3 of family 4 UDGa [25]. Therefore, its UDG activity is not as strong as family 1 
UNG or family 4 UDGa.  
 EG to QD 
 The correlation of EG in the motif 1 of family 4 UDGa and the QD in the motif 1 
of family 1 UNG has been confirmed previously [25]. In the present study, through the 
mutagenesis and kinetic study of Jag UNG, the potential evolutionary intermediate 
between family 4 UDGa and family 1 UNG, we further proved that E and G, Q and D are 
functionally correlated, respectively. Meanwhile, from the evolutionary view, we 
estimated that co-evolution from EG to QD is a key step in evolutionary path from family 
4 UDGa to family 1 UNG. In the basis an evolutionary scenario of UDG superfamily, the 
highly active family 1 UNG was evolved from family 4 UDGa by acquiring the Asp in 
motif 1, which working as a general base to activate a water molecular [18]. According to 
our double mutagenesis data, family 1 UNG is evolved from the common ancestor by 
acquiring not only an Asp but a Gln. Naturally, Nsa UNG has already gained both Q and 
D and it has been closer to family 1 UNG and became a highly active UDG.  
 A82E 
 Structurally, A82 does not locate in the catalytic center, we proposed that 
replacement A82 with an acidic residue (E) might affect the overall structure of Jag UNG 
that could be responsible for the increase of enzyme efficiency of Jag UNG-A82E. MD 
simulation analysis demonstrated that A82E alters the root mean square fluctuation 
(RMSF) of the few regions in this protein. Among those regions, the region (79-86) is 
close to the catalytic center of Jag UNG (Fig. 4.7A). Notably, the salt bridge between 
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R81 and DNA backbone in this region plays an important role for the UDG activity of 
Jag UNG (Fig. 4.7B and 4.7C). Further analysis indicated that this salt bridge is much 
more stable in Jag UNG-A82E than that in Jag UNG-WT. As indicated in Fig. 4.7D, this 
salt bridge in Jag UNG-WT breaks after 25 ns while it still stable in Jag UNG-A82E. 
Meanwhile, the average hydrogen bond between A82E protein and DNA increased from 
4.8 (WT) to 5.3 (Table 4.2). Both the stronger salt bridge and hydrogen bond may explain 
the lower km and higher enzyme efficiency of Jag UNG-A82E. From evolutionary view, 
losing the E and gain Y might be a necessary step from family 4 UDGa to family 1 UNG. 
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Figure 4. 7 A82E break the salt bridge between Jag UNG and DNA substrate. A. 
RMSF profiles for WT and A82E for Cα atoms of all residues in Jag UNG; B. The 
interactions between Jag UNG-R81 and modeled uracil-containing DNA (DNA model 
was taken from PDB 1EMH). Jag UNG structure is shown in cartoon mode and the 
residues R81 is shown in licorice; C. Close-up view of the interactions between Jag 
UNG-R81 and modeled uracil-containing DNA (DNA model was taken from PDB 
1EMH). Jag UNG structure is shown in cartoon mode and the residue R81 is shown in 
licorice; D.  The distance profile between R81-NH2 to Ura-O2P for WT and A82E from 
0 to 40 ns in Jag UNG.  
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 L245H 
The increased enzyme efficiency of JagUNG-L245H could be explained by 
structural, electro potential and MD simulation analysis. Structurally, L245 locates near 
the interface between Jag UNG and uracil-containing DNA substrate. Replacement L245 
with a positively charged H might increase the binding affinity of Jag UNG to the 
negatively charged DNA substrate by changing the electro potential. As showed in Fig. 
4.8, the electrostatic potential of the mutation site (L245) change from negative to 
positive upon the mutation. Meanwhile, the MD simulation indicated that the average 
number of hydrogen bond between Jag UNG-L245H protein and uracil-containing DNA 
substrate increased from 4.8 (WT) to 5.2. Consistently, the Jag UNG-E76Q/G77D/L245H 
triple mutant averagely contains 6.2 hydrogen bonds between protein and DNA that is 
significantly higher than that of Jag UNG-E76Q/G77D double mutant (5.6) (Table 4.2). 
All those results are consistent with the higher binding affinity and enzyme efficiency of 
Jag UNG-L245H.  
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Figure 4. 8 Electrostatic potential of WT and L245H of Jag UNG.  A. Electrostatic 
potential of the WT of Jag UNG; B. Electrostatic potential of L245H mutant of Jag UNG. 
The mutation site is marked with a red circle. The positive potential region is colored 
with bule and the negative potential region is colored with red. 
 Ugi effect 
 Ugi is a DNA mimic and small protein (80 aa), that was initially found in the PBS 
phase. It is in charge of protecting its uracil-containing genomic DNA from UDG in their 
host cell [27]. Ugi can form an extremely tight complex with the traditional family 1 
UNG which is even stable in 8M urea [16]. By structural comparison, like family 4 
UDGa and Nsa UNG, Jag UNG can’t interact with Ugi as they have not involved the 
proper interface to bind Ugi. Notably, in the interface between family 1 UNG and Ugi, a 
longer loop is able to insert into the hydrophobic pocket of Ugi (Fig. 4.9D). However, 
both family 4 UDGa, Jag UNG and Nsa UNG only have a shorted loop that is not enough 
to interact with Ugi protein (Fig. 4.9A-9C). As a special interface is needed for the 
interaction between UDG and Ugi, it absolutely needs more complicated evolution to 
generate this elaborate interface.  
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Figure 4. 9 Potential interactions between Jag UNG and Ugi and its comparison 
with Tth UDGa, Nsa UNG and human UNG. A. Modeled interactions between Tth 
UDGa and Ugi. (Ugi was taken from PDB 1UGH); B. Modeled interactions between Nsa 
UNG and Ugi. (Ugi was taken from PDB 1UGH); C. Modeled interactions between Jag 
UNG and Ugi. (Ugi was taken from PDB 1UGH); D. Interactions between human UNG 
and Ugi (PDB 1UGH).  
 In summary, we found a potential intermediate between family 1 UNG and family 
4 UDGa, phylogenetic analysis attribute it to be a new subgroup of family 1 UNG. 
Through the enzymatic study and comparison with other family 1 UNG and family 4 
UDGa enzymes, we partly illuminate the evolutionary mechanisms from family 4 UDGa 
to family 1 UNG.  
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CHAPTER FIVE 
RESEARCH SIGNIFICANCE AND CONCLUSION REMARKS 
UDG enzymes are essential factor in the BER pathway and play crucial role in 
removing deaminated DNA bases. In UDG superfamily, each family exhibit distinct 
structural and catalytic features. In this thesis, I identified three different UDG enzymes 
which are classified as new groups of existing family by sequence alignment and 
phylogenetic analysis. Meanwhile, biochemical, structural, bioinformatics and 
biophysical studies were performed to identify their special catalytic mechanism.  
Even though the traditional Family 3 UDG is termed as single-strand-selective 
monofunctional uracil DNA glycosylase (SMUG1), it works on both single-stranded and 
double-stranded uracil-containing DNA substrate [1-5]. In Chapter 2, I characterized a 
SMUG1-like enzyme from Listeria Innocua which only works on single-stranded DNA 
substrate at various conditions. This single-stranded UDG activity of Lin SMUG1-like is 
consistent with the lower G/C content in the host genome which tend to form single-
stranded DNA. Comparison of with the traditional SMUG1 enzymes, SMUG1-like has a 
similar catalytic center, except SMUG1-like contains double Ser while SMUG1 adapt 
Met and Asn in their catalytic center. Mutagenesis and mutual information analysis 
demonstrated that double Ser in SMUG1-like and Met and Asn in SMUG1 are functional 
correlated. This is the first time to report the correlated residues in family 3 SMUG1 
enzymes.  
In chapter 3, I characterized another novel UDG enzyme from Nitratifractor 
salsuginis (Nsa UNG) which belongs to a new subfamily of family 1 UNG. Similar with 
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classic family 1 UNG, Nsa UNG exhibit extremely robust and exclusive UDG activity [6]. 
However, Nsa UNG harbors two distinct features. In one way, Nsa UNG form a novel 
salt bridge network with uracil-containing DNA backbone. Any disruption of this salt 
bridge network inactivate this enzyme. This newly discovered salt bridge network may 
contributes the lower Km of Nsa UNG to uracil-containing DNA. In another way, unlike 
traditional family 1 UNG, Nsa UNG can’t be inhibited by Ugi. Structural analysis 
showed that Nsa UNG doesn’t evolved a proper interface for Ugi binding. Also, the 
binding energy between Nsa UNG and Ugi is larger than that of traditional UNG and Ugi. 
The discovery of this enzyme broaden family 1 UNG and further verified the diverse 
substrate recognition and catalytic mechanism of UDG superfamily.  
In chapter 4, another UDG from Janthinobacterium agaricidamnosum (Jag UNG) 
was studied. In the functional motifs, Jag UNG contains both features of family 1 UNG 
(including Nsa UNG) and family 4 UDGa. Even though the sequence alignment and 
phylogenetic analysis classified Jag UNG as another new group of family 1 UNG, Jag 
UNG only exhibit very limit UDG activity as lacking some catalytic residues. Gaining 
the catalytic residues Q76 and D77 make this enzyme much stronger, which is consistent 
the correlation study of Q and D in motif 1 of family 1 UNG previously [7]. In addition, 
we found two mutations make this enzyme stronger. In motif 1, introducing an A82E in 
motif 1 stabilizes the salt bridge between Jag UNG and DNA, thus increase the binding 
affinity and enzyme efficiency. In motif 2, L245H also elevate the binding affinity and 
enzyme efficiency by changing the electro potential of the interface between enzyme and 
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DNA. The discovery of this enzyme make us deeper understand the evolutionary and 
catalytic mechanism of UDG superfamily.  
In summary, this thesis described three different UDG enzymes and contribute to 
the pedigree of UDG superfamily. Identification the novel catalytic residues, salt bridge 
network, and elevate mutant proved that the catalytic mechanism of UDG enzyme is 
much more diverse and complicate. In addition, the discovery of correlated residues make 
us have a better understanding of the evolutionary mechanism of UDG superfamily. In 
the future, with the discovery of more and more members of UDG enzymes, the 
evolutionary processing and the diverse catalytic mechanism of UDG superfamily will be 
better illuminated.  
Besides this the projects included in this thesis, I participated the study of other 
UDGs and MeCP2 which resulted in four peer-reviewed publications:  
1. Bo Xia, Yinling Liu, Jose Guevara, Jing Li, Celeste Jilich, Liangjiang Wang, 
Brian N. Dominy, Weiguo Cao.  Correlated Mutation in the Evolution of Catalysis in 
Uracil DNA Glycosylase Superfamily. Scientific reports. 2017, 7:45978 
2. Panjiao Pang, Ye Yang, Jing Li, Wang Z, Weiguo Cao, Wei Xie. SMUG2 
DNA Glycosylase from Pedobacter heparinus as a New Subfamily in UDG Superfamily. 
Biochem J. 2017, 474(6):923-938  
3. Zhemin Zhang, Jiemin Shen, Ye Yang, Jing Li, Weiguo Cao, Wei Xie. 
Structural basis of substrate specificity in Geobacter metallireducens SMUG1. ACS 
Chem Biol. 2016, 11(6):1729-36.   
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4. Ye Yang*, Kucukkal TG*, Jing Li, Emil Alexov, Weiguo Cao.  Binding 
Analysis of Methyl-CpG Binding Domain of MeCP2 and Rett Syndrome Mutations. ACS 
Chem Biol. 2016, 11(10):2706-2715.  *, These authors contribute equally 
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